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FOREWORD 


THE 1948 Transactions of the Iron and Steel Division is the twenty- 
first consecutive annual volume published for this group since its organiza- 
tion as a division of the AIME. The twenty-four papers of this volume 
comprise six papers. on steelmaking problems, four papers on the subject 
of gases in steel, three papers on sulphur in ironmaking and ten papers 
on physical metallurgy. 

Of especial interest to all members is the excellent Howe Memorial 
Lecture delivered by Robert B. Sosman at the annual 1948 meeting. The 
lecture is entitled, ‘Temperatures in the Open-hearth Furnace.” It is a 
subject which was a major interest to Dr. Sosman for many years. 

These papers were published during the period from September, 1947 
to December, 1948 in Metals Technology, and include all iron and steel 
papers for the year, and all physical metallurgy papers except those pub- 
lished after June, 1948. A few of the papers published in this 1948 volume 
will be presented at the 1949 Annual Meeting of the AIME and the 
discussion of these papers will by necessity be published in the next 
volume of Transactions. 

This is the last volume of Iron and Steel Division Transactions in which 
papers embracing the production and metallurgy of iron and steel will 
be separated from papers covering the nonferrous metals. The 1950 
volume will be of new format and larger size than the present and the 
past series of Transactions, and in addition, its contents will be broadened 
to include papers covering all metals, both in the ferrous and in the non- 
ferrous fields. 

This volume of Transactions represents only the formal technical papers 
presented at the regular meetings of the Iron and Steel Division and does 
not include the proceedings of the three important conferences—Open 
Hearth Steel, Blast Furnace, Coke Oven and Raw Materials, and Electric 


- Furnace Steel—sponsored by standing committees of the Iron and Steel 


Division. I wish to compliment the chairmen and executive committees 
of these three important groups for successful and outstanding work in 
their respective operating fields. 

It is also a pleasure for me to compliment the chairman of the Publica- 
tions Committee, Mr. H. W. Johnson, and his committee, for the high 


- quality of papers published in this issue of Transactions. 


Gilbert Soler, Chairman, 
Iron and Steel Division 


Welland, Ontario, 
November 1, 1948. 
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The Howe Memorial Lecture 


Tur Howe Memorial Lecture was authorized in April 1923, in memory of Henry Marion 
Howe, as an annual address to be delivered by invitation under the auspices of the Institute 
by an individual of recognized and outstanding attainment in the science and practice of 
iron and steel metallurgy or metallography, chosen by the Board of Directors upon recom- 
mendation of the Iron and Steel Division. 

So far, only American metallurgists have been invited to deliver the Howe lecture. 
It is believed that this lecture would gain in importance and significance were it possible to 
include metallurgists from other countries, but the Institute has not yet been able to do 
this on account of lack of special funds to support this lectureship. 

The titles of the lectures and the lecturers are as follows: 


sie 


s 
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1924 What is Steel? By Albert Sauveur. f 

1925 Austenite and Austenitic Steels. By John A. Mathews. 

1926 Twenty-five Years of Metallography. By William Campbell. 

1927 Alloy Steels. By Bradley Stoughton. 

1928 Significance of the Simple Steel Analysis. By Henry D. Hibbard. 

1929 Studies of Hadfield’s Manganese Steel with the High-power Microscope. By John 
Howe Hall. 
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1940 Slag Control. By C. H. Herty, Jr. 

1941 Some Complexities of Impact Strength. By Alfred V. de Forest. 

1942 Time as a Factor in the Making and Treating of Steel. By John Johnston. 

1943 The Development of Research and Quality Control in the Modern Steel Plant. By 
Leo F. Reinartz. 
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1945 Toughness and Fracture of Hardened Steels. By Marcus A. Grossmann. 

1946 The Blast-furnace Process and Means of Control. By T. L. Joseph. 

1947 Factors Which Determine Iron and Steel Making Processes. By H. W. Graham. 

1948 Temperatures in the Open-hearth Furnace. By Robert B. Sosman. 
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Robert W. Hunt Award 


THE Robert W. Hunt award was established in 1920 by the partners and employees 
of the distinguished metallurgist and testing engineer for whom it was named. Recipients 
are nominated by a continuing committee of four members of the Iron and Steel Division, 
together with the Chairman of the Division as member ex-officio. 

The award is made for the best original paper or papers on iron and steel contributed 
to the Institute during the year under review and consists of a gold medal, a silver medal, 
or a money prize, together with a certificate. The only condition attached to the award is 
that the money prize shall not be given to anyone who was more than 40 years of age when 
the paper that merited the award was presented. 

Awards have been made as follows: 
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1926 
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1928 
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IQ31 
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1934 
1930 
1937 
1938 
1939 


1940 


Robert Woolston Hunt: Manufacture of Steel Rails. TRANSACTIONS (1920) 62, 174. 
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Basic Open-hearth Process. (Co-authors: A. R. Belyea, E. H. Burkart and 
C. C. Miller.) Transactions (1925) 71, 512. Chemical Equilibrium of Man- 
ganese, Carbon and Phosphorus in the Basic Open-hearth Process. TRANSACTIONS 
(1926) 73, 1107. Desulphurizing Action of Manganese in Iron. (Co-author: 
J. M. Gaines, Jr.) TRANSACTIONS (1927) 75, 434 

John A. Mathews: Austenite and Austenitic Steels. TRANSACTIONS (1925) 71, 568. 

Edgar Collins Bain and William E. Griffiths: An Introduction to the Iron-chromium- 
nickel Alloys. TRANSACTIONS (1927) 75, 166. 

James Aston: A New Development in Wrought Iron Manufacture. TRANSACTIONS 
(1929) 84, 166. 

Edmund S. Davenport: Transformation of Austenite at Constant Subcritical Tem- 
peratures. (Co-author: E. C. Bain.) TRANSACTIONS (1930) 90, 117. 

Howard Scott: Transformational Characteristics of Iron-manganese Alloys. TRANS- 
ACTIONS (1931) 95, 284. 

Clarence E. Sims and Gustaf A. Lillieqvist: Inclusions—Their Effect, Solubility 
and Control in Cast Steel. TRANSACTIONS (1932) I00, 154. 

Cyril Stanley Smith and Earl W. Palmer: The Precipitation-hardening of Copper 
Steels. TRANSACTIONS (1933) 105, 133. 

Carl C. Henning: Manufacture and Properties of Bessemer Steel. TRANSACTIONS 
(1935) 116, 137. 

William F. Holbrook and Thomas L. Joseph: Relative Desulphurizing Powers of 
Blast-furnace Slags. TRANSACTIONS (1936) 120, 99. 

Thomas S. Washburn and John H. Nead: Structure of Rimmed-steel Ingots. 
TRANSACTIONS (1937) 125, 378 

Kenneth Charles McCutcheon and John Chipman: Evolution of Gases from 
Rimming-steel Ingots. TRANSACTIONS (1938) 131, 206. 

Axel Hultgren and Gosta Phragmén: Solidification of Rimming-steel Ingots. 


TRANSACTIONS (1939) 135» 133: 
' II 


I2 


1941 


1941 


1942 


1943 


1944 


1945 


1947 


1948 


ROBERT W. HUNT AWARD 


Alden B. Greninger and Alexander R. Troiano: Crystallography of Austenite 
Decomposition, TRANSACTIONS (1940) 140, 307. 

George E. Steudel: Effect of the Volume and Properties of Bosh and Hearth Slag 
on Quality of Iron. TRANSACTIONS (1940) 140, 65. ; 

Harold K. Work: Photocell Control for Bessemer Steelmaking. TRANSACTIONS 
(1941) 145, 132. , 

Marcus A. Grossmann: Hardenability Calculated from Chemical Composition. 
TRANSACTIONS (1942) I50, 227. é 

Clarence David King: The Washing of Pittsburgh Coking Coals and Results 
Obtained on Blast Furnaces. TRANSACTIONS (1944) 158, 67. 

Edwin Chester Wright: Manufacture and Properties of Killed Bessemer Steel. 
TRANSACTIONS (1944) 158, 107. 

Harry K. Ihrig: The Effect of Various Elements on the Hot-workability of Steel. 
TRANSACTIONS (1946) 167, 740. , 

B. M. Larsen and T. E. Brower: Oxygen in Liquid Open-hearth Steel—Oxygen 
Content During the Refining Period. TRANSACTIONS (1947) 172, 137. Oxygen 
in Liquid Open-hearth Steel—Effect of Special Additions, Stirring Methods and 
Tapping. TRANSACTIONS (1947) 172, 164. 
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Temperatures in the Open-hearth Furnace 


By Rosert B. SosmAn,* MremBer AIME 


(New York Meeting, February 1948) 


Hower MEMORIAL LECTURE 


THE chance that a Howe Memorial 
Lecturer will be able to refer back to a 
personal contact with the distinguished 
metallurgist for whom this lectureship is 
named grows steadily smaller. I did not 

~ have the pleasure of his personal acquaint- 
ance, but I did receive from him in 1916, 
quite unexpectedly, a letter commenting 
on a paper that I had recently published?” 
on “Types of Prismatic Structure in Ig- 
neous Rocks.” The paper was written for 
- geologists and petrologists, but it had an 
application, naturally, to the crystalliza- 
tion of iron and steel in a mold. The letter 
impressed me at the time, and still does, 
: with the breadth of Professor Howe’s 
interests and his perseverance in keeping 
A up with the progress of any branchof knowl- 
edge that had metallurgical connotations. 


ScoPE OF THE LECTURE 


cet. ih’ the date ee 


During several years preceding the date 
mentioned I had worked in collaboration 
with Arthur L. Day and E. T. Allen® at 
the Geophysical Laboratory, Carnegie 
Institution of Washington, on the tempera- 
ture scale as defined by the nitrogen ther- 
mometer at high temperatures. Later 
(1928-1947) I had the opportunity of help- 
ing to apply this experience to the pyro- 
metric problems of the steel industry. 
Because of the range of its temperatures, 
the multiplicity of the methods used, and 
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the variety of its purposes, pyrometry in the 
open-hearth process has always offered 
a fertile field for both research and devel- 
opment. I am therefore devoting an hour 
to the subject of temperatures in the basic 
open-hearth furnace, the furnace that 
makes most of our steel in the United 
States. 

I would direct your attention particu- 
larly to the choice of the first two words in 
the title of the Lecture. 

One sometimes hears or reads of the 
“temperature of such-and-such a furnace,” 
as if it were a single, measurable, charac- 
teristic quantity. I need hardly emphasize 
to any one who has ever operated a furnace 
ora kiln that “temperature of the furnace” 
is a meaningless phrase. Even if we confine 
our attention to the space enclosed by the 
roof, walls, and hearth of an open-hearth 
furnace, it is doubtful whether any such 
space has ever been so uniform in tem- 
perature that the phrase would have a 
meaning. In any furnace, there are many 
different temperatures, capable of being 
measured at many different places, and 
actually being measured for several differ- 
ent purposes. 

These pyrometric purposes, methods, 
and results, if given in detail, would expand 
this lecture into a book on the basic open- 
hearth process. I must therefore confine 
myself to a statement of the range of tem- 
peratures as they have been observed in - 
various parts of the furnace, indicating in 
a general way why they are measured, and 
mentioning the methods that are available 
without attempting to describe these 
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methods fully. The viewpoint will be that 
of the physicist rather than that of the 
engineer. 

In most of the work that I shall mention 
from first-hand knowledge, I have had only 
the role of advisor, coordinator, diplomatic 
expediter, or contact man between plant 
and laboratory—necessary but not pri- 
mary functions. The real work has been 
done by my colleagues in the Research 
Laboratory of the United States Steel 
Corporation; those most directly concerned 
with open-hearth pyrometry have been 
J. W. Bain, B. M. Larsen, L. Rumford II, 
W. E. Shenk, and L. O. Sordahl, while 
valuable work on various aspects of 
pyrometry applicable in the open-hearth 
has also been done by K. Heindlhofer, J. 
Mrvosh, J. W. Percy, R. H. H. Pierce, Jr., 
C. Siddall, and R. B. Snow. We are in- 
debted also to the many plant men and 
instrument company men who cooperated 
so cordially with us. 


PyROMETRIC METHODS 


A very brief listing of the methods of 
temperature measurement available for 
practical open-hearth pyrometry must 
suffice here. For ease of remembrance it is 
convenient to classify them as (1) “‘look,” 
(2) “approach, ”and (3) ‘“‘touch” meth- 
ods. The first includes the two optical 
methods of brightness and color, which are 
usable as far away as the object can be 
seen. On nearer approach we can feel the 
radiant heat from the object and can use 
either the total radiation pyrometer, or 
partial radiation instruments such as the 
photo-electric pyrometer. Finally, for actual 
contact of thermometer with object, we 
depend mainly upon the thermo-electric 
pyrometer, with either the platinrhodium- 
platinum couple above 1250°C,* or the 
base-metal couples (Chromel-Alumel, iron- 
constantan) below 1250°C.1 


* The Fahrenheit equivalent of every Centi- 
grade temperature mentioned in the Lecture will 
be found in Table 2, page 50. 


PYROMETRIC PURPOSES 


Industrial pyrometry has five general 
purposes: (1) maintenance of the quality of 
the product; (2) protection of equipment 
against damage by excessive temperature; 
(3) control of efficiency in operations; (4) 
acquisition of new information about the 
process, that is, research; (5) guidance in 
improving the process, that is, development. 


Tue Basic OPEN-HEARTH FURNACE 


Fig 1 is a diagrammatic plan to illustrate 
the mode of operation of a basic open- 
hearth furnace fired with atomized liquid 
fuel (oil or tar) and forced air. Fig 2 and 3 
contain generalized horizontal and verti- 
cal sections, omitting many details of the 
supporting steel framework, to show the 
construction of such a furnace. Its usual 
capacity is between 75 and 2s0 tons of 
steel, and its raw materials are cold steel 
scrap plus either cold pig iron or liquid 
crude iron from the blast furnace. 

The principal variations from the design 
shown in Fig 2 and 3 are due to (1) use of 
gaseous fuel (natural gas, by-product coke- 
oven gas, producer gas) in place of liquid 
fuel, requiring that the ports be of different 
shape, and (in particular, for producer gas) 
that a double regenerator be used so that 
the gas can be preheated as well as the air; 
(2) use of a central furnace structure which 
can be tilted forward or back around a 
longitudinal axis, so that both slag and 
steel can be independently poured out of 
the furnace without the opening of sealed 
tap holes.? 


THE Batu 


The body of liquid metal on the hearth is 
often referred to as the “open-hearth 
bath.” When completely liquefied soon 
after the beginning of a heat it is an alloy 
of iron, carbon, and manganese, with minor 
amounts of various other impurities. Its 
minimum temperature is therefore a few 
degrees lower than the austenite-cementite 
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Se in the iron-carbon system (Fig 4), 
a 


t 1130°C. The actual temperature of the 


ras liquid metal early in the heat must occa- 


sionally be close to this figure, especially if 


P Steam or 
Chigh pressure air 5S} 
— a 


occasionally does, change over from a liquid 
with a few austenite crystals in suspension 
(just under the curve BC), to a paste of 
crystals wet with liquid metal (just above 


Fic I—DIAGRAMMATIC PLAN TO ILLUSTRATE THE OPERATION OF AN OPEN-HEARTH FURNACE 
BURNING LIQUID FUEL. 


Ai and A2: Valves for air 
F; and Fe: Valves for waste gas 
Oi and O:2: Valves for oil or tar 


cork Si and S:2: Valves for steam or high-pressure air for atomizing the fuel. 
As shown in the drawing, when A1, F2, Oi, and Si: are open, A2, Oo, F1, and S:2 are closed. On 
reversal of the furnace, A2, O2, Fi, and S2 are opened, and Ai, F2, O1, and S: are closed. 


cold pig iron or charcoal is included in the 
charge, by virtue of the principle that a 
liquid in contact with the crystalline 
phases of a eutectic mixture can not long 
be kept hotter than the melting tempera- 
ture of the eutectic. 

At the end of a heat in which a pure 


ingot-iron or low-metalloid steel is being 


produced, the minimum temperature is the 
melting point of pure iron, for which the 
best present value is 1535°C. If the metal is 
saturated with oxygen this is lowered to 


Beers 24°C. 


A bath of composition intermediate be- 
tween zero carbon and 4.3 pct carbon has a 
minimum temperature that can be below 


the temperature of the liquidus curves AB 
_and BC in Fig 4, but must be above that 


of the solidus curves AH and JE. If the 
temperature of the metal in the furnace 
does not rise fast enough to keep up with 
its changing composition, the bath can, and 


curve JE). These facts are all simple deduc- 
tions from the phase equilibrium diagram. 

The minimum liquid metal temperature 
that we have actually observed in a furnace 
is about 1200°C, 

These minimum working temperatures 
are not the minimum finishing temperatures 
for the steel in the furnace. The steelmaker 
has to provide enough extra temperature 
above the liquidus to take care of the heat 
losses during tapping and pouring. The 
principal loss is the heat stored in the re- 
fractory lining of the ladle. Next in mag- 
nitude is the loss by radiation from the 
unprotected surface of the liquid metal 
during tapping. When tapping is complete 
and the surface is covered with a few inches 
of slag, the loss by radiation and air con- 
vection is relatively small. 

Fig 5 and 6 represent the results of some 
unpublished calculations: made in 1931 to 
show the relative importance of the several 
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Fic 2—OPEN-HEARTH FURNACE, BURNING LIQUID FUEL. 


Upper part: horizontal section through furnace and ports. 
Lower part: vertical section through furnace; left half of section is through burner housing 
right half of section is at rear of burner housing. 
Front wall 
Back wall 
End walls 
Doors 
Arched roof 
Hearth 
Banks 
Burner 
Down-takes for waste gas 
Slag pockets, opening into regenerator chambers 
Charging floor 
Cooling boxes 
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Pir 
Fic 3—OPEN-HEARTH FURNACE, BURNING LIQUID FUEL. VERTICAL TRANSVERSE SECTION ON CENTER 
LINE OF FURNACE, SHOWING CONSTRUCTION OF BOTTOM. 
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causes of loss of heat. The data on which 
the calculations are based are: liquid steel 
density 7.0, heat capacity 0.19, total 
emissivity 0.20; brick density 2.0, heat 


steel that has been much overheated in the 
furnace, and has then been allowed to cool 
in the ladle until it reached a prescribed 
pouring temperature, is not the same steel 


Carbon, weight per cent 


Fic 4—COMPOSITION-TEMPERATURE PHASE EQUILIBRIUM DIAGRAM FOR THE SYSTEM CARBON-IRON. 


capacity 0.225, conductivity 3.75 X 107%; 
all in cgs units. 

Being roughly proportional to the area of 
external surface of the cylinder of liquid 
metal, the drop in temperature during 
tapping and pouring is relatively large for 
steel coming from a small furnace, and 
small for steel from a large furnace. Though 
~ naturally influenced by many minor varia- 
_ bles, the calculated order of magnitude, on 
_ the assumption that it is inversely propor- 

tional to the two-thirds power of the 
tonnage, is as shown in Table 1. 
Pyrometry of the steel bath has for its 
primary purpose the control of quality. 
(See p. 16.) The importance of correct 
_ finishing temperatures for liquid steel has 
: long been recognized. Upon the tempera- 
_ ture of the metal as it runs into the ingot 
mold depends the manner in which it will 
crystallize, with all the structure-sensitive 


properties that are linked with that crys- . 


7 tallization. And pouring temperature is 
not the only controlling temperature. A 


as the one that has been tapped at just the 
right temperature to attain the prescribed 
figure for pouring without any imposed 
delay. The hotter steel has had opportunity 
in the furnace to approach a different 
chemical equilibrium from the colder one. 


TABLE 1—Calculated Effect of Furnace Ton- 
nage (Ladle Capacity) on Loss of Tem- 
perature in Steel between Tapping and 

Pouring 


Each open-hearth shop learns by experi- 
ence the best initial pouring temperature 
for each grade of steel that it makes. Addi- 
tion of the appropriate figure for lost 
temperature, taken from data such as those 
in Table 1, will then give the minimum 
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finishing temperature to be attained in the 
furnace. The maximum permissible under 
good practice is not much higher than this. 

The maximum attainable temperature of 
the open-hearth bath beneath a silica roof 
does not depend upon the properties of the 


800 


600 


Temperature, °C 


200 


{INCH 2 S 
Thickness 


FIG 5—DIsTRIBUTION OF TEMPERATURE IN THE 74 IN. FIRECLAY BRICK LINING OF A LADLE 
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bath and slag, but upon the properties of 


the roof, as we shall see later. The high- 
est such temperature that has been re- 
liably recorded by Mr. Sordahl is 1657°C 
(3014°F). 

This may seem a relatively low maximum 


CONTAINING STEEL AT AN INITIAL TEMPERATURE OF 1585°C. 
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to some of you who are accustomed to 
tapping-temperatures read with the optical 
pyrometer, but we believe that the present 
scale is in error on the high side; I shall 
have more to say about this in the discus- 
sion of bath pyrometry. 


BATH PYROMETRY 


The human eye, aided by the old-fash- 
ioned copper-cobalt blue glass, is such a 
sensitive pyrometer, thanks to its sensi- 
tivity both to brightness and to color, that 
steel has been made for generations without 
the aid of a bath pyrometer. Changing 
conditions in the industrial world, bearing 
particularly on employees’ reliability, made 
it inevitable that an objective quantitative 
measurement would sooner or later have to 
be substituted for the subjective estimate 
of temperature made by the eye and brain 
of the experienced steelmelter. 

The old-timer’s estimate of temperature 
was seldom expressed in figures. It was 
expressed rather in the technical terms: 
Peoid; “shady, O.K')" hot,” “stink 
ing hot.” Very roughly, we find that these 
terms can be interpreted as a series of tem- 
peratures separated by about 15°C or 
25°F. A heat that should have been tapped 
from a certain furnace at 1635°C (2975°F), 
let us say, would be recognized as “‘shady” 
by the pouring crew if it was only 1620°C 
(2950°F), and as distinctly “cold” if at 
1605°C (2925°F), in which case it would 
leave a larger skull in the ladle than nor- 
mal. It would be recognized as “hot” if at 
1650°C (3000°F), and might then make 
some unsatisfactory ingots, while if tapped 
at 1665°C (3025°F) it would leave a very 
clean ladle and would cause some stickers in 
the ingot molds. (The terms are not abso- 
lute temperature terms; for a larger fur- 
nace, with less heat loss in the ladle, this 
whole series would be shifted downward.) 

The pyrometer must therefore do better 
than +15°C, and +5°C seems a not im- 
possible goal both for precision and 
accuracy. It is worth noting that 3°C at 
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* 1650°C, the accuracy ultimately hoped for, 
is only 0.16 pct, considered as a percentage 
of the absolute temperature, which would 
be distinctly better than most measure- 
ments in applied physics. 

The task of finding a satisfactory work- 
ing method and equipment for open-hearth 
bath pyrometry falls naturally into three 
parts: (1) accurate measurement of the true 
temperature of the liquid metal, without 
regard to cost or convenience; (2) develop- 
ment of a device which will give reproduci- 
ble and precise readings of some kind that 
can be correlated with temperature, but 
which at the same time is a device satis- 
factorily convenient and inexpensive to use; 
(3) calibration of (2) in terms of (1). 

A systematic study of the subject was 
begun in the research laboratory of the 
United States Steel Corporation in 1934, 
when Mr. Lewis Rumford II reviewed the 
available methods in a memorandum and 
did some experimenting in the plants. In 
1936 we organized a series of comparisons 
in open-hearth furnaces in the old Pencoyd 
Works near Philadelphia.?® Preliminary 
tests showed that the accurate readings 
with which everything else should be com- 
pared could best be made with the platin- 
rhodium-platinum thermocouple, capable 
of a precision of 1°C and an accuracy 
which we hoped could be held within the 
desired +3°C. 

Step (1): For the comparisons at Pencoyd 
the basic readings were made by means of 
a so-called “‘dissolving-tube method.’ A 
platinrhodium-platinum thermocouple is 
enclosed in a small refractory porcelain 
tube of 3{,¢-in. (5 mm) bore and 1{¢-in. 
(1.5 mm) wall. This is about as small and 
thin a tube as can be handled, and its use 


in the steel bath is only rendered possible 


by encasing it (loosely) in a tube made of 
Acheson artificial electrode graphite, 134- 
in. od and 14 in. long, tapered for 4 in. at 
the closed end down to 4-in. diam. The 
graphite tube with its enclosed porcelain 
tube and thermocouple is set in a water- 
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cooled head, and the thermocouple wires 
are led out through a pipe inside one of the 
two water pipes. A packing of asbestos 
cord around the porcelain in the opening 


of the graphite sheath prevents the rise of 
gases which would carry spurts of steel up 


‘into the water-cooled head 


after the 


_ graphite has begun to dissolve away. 


of 
W 


- 


The combination is inserted through a 
door of the furnace, with a sheet-metal 
shield protecting the operators, When im- 


23 


mersed in the steel bath, the graphite 
quickly dissolves away below the slag level, 
leaving the porcelain in direct contact with 
the liquid metal and immersed therein to a 


Fic 7—PHOTOGRAPH OF DISSOLVING-TUBE PYROMETER AFTER REMOVAL FROM LIQUID STEEL, 


depth of 6 to 8 in. (See Fig 7.) Within the 
slag layer the graphite remains to protect 
the porcelain. To secure an accuracy of 
3°C in measuring the metal bath tempera- 
ture at the point of immersion, the couple 
should be used only once or twice. 

We found that inequalities in the metal 
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bath itself exceeded the range of accuracy 
of the thermocouple reading, but it was 
still possible to make a satisfactory com- 
parison of methods. The platinum couple, 
used as described above, gives the most 
precise and most accurate readings obtain- 
able, but the method could not be recom- 
mended for routine control of the furnace, 
for two reasons: (1) the couples are too 
easily contaminated and hence too expen- 
sive, and (2) the water-cooled head, intro- 
duced into the furnace near the bath, is an 
accident hazard. 

The British metallurgists have subse- 
quently made improvements in the thermo- 
couple method and have sought to make it 
a workable shop method. In place of our 
temporarily graphite-protected porcelain 
tube for the thermocouple, Schofield and 
Grace2® introduced a vitreous silica (fused 
quartz) tube with no protection. On ac- 
count of the very low expansion coefficient 
and high strength of the material, such a 
tube can be introduced into liquid steel 
without cracking. The British also dis- 
carded water-cooling in favor of refractory 
insulation for the pipes carrying the ex- 
tension-wires of the couple; though awk- 
ward looking and bulky, it is probably no 
heavier than the water-cooled system and 
is much less hazardous. A similar pyrom- 
eter, with vitreous silica and platinum 
couple, was subsequently developed in this 
country,** primarily for use in electric 
furnace baths, which are more accessible 
than the open-hearth bath, and the Brown 
Instrument Co. now has such a pyrometer 
in commercial form. For our measurements 
subsequent to the Pencoyd tests, we 
adopted the silica tube in place of porce- 
lain, and likewise discarded the water- 
cooled support. Using much longer silica 
tubes than in the British and electric fur- 
nace types, Mr. Sordahl has made numer- 
ous measurements of open-hearth bath 
temperature at various depths down to the 
hearth surface itself. 


Practical Plant Methods 


Because of the inconvenience of having 
to open the furnace door and use a protect- 
ing shield, and also because of the con- 
siderable expense of using a new silica tube 
and of discarding a part or all of a platinum 
couple for every reading, we have not con- 
sidered the method described above to be a 
practical plant method. There is no ques- 
tion, however, as to its accuracy and 
reliability. 

Step (2), therefore, must next be taken: 
the selection of a convenient and precise 
plant method, inexpensive enough not to 
discourage frequent readings. In the com- 
parisons at Pencoyd Works, and in other 
subsequent tests, we tried the following 
methods, with results briefly indicated 
below.?5 


Test-spoon Method 


Metal is held in or poured from a slag- 
coated test spoon, and the temperature of 
the clean dark liquid is read with an optical 
pyrometer. A correction for emissivity must 
be added to obtain true temperature. 

Not all test-spoon readings are, satis- 
factory. Only when the slag is thin enough 
to permit the dipping of a clean sample in a 
properly slagged spoon can the readings be 
taken. To obtain satisfactory readings, a 
routine of slagging, dipping, removing from 
furnace, and reading, must be adhered to 
with rhythmic precision, for the metal 
cools so rapidly that even half a second’s 
departure is significant. With an experi- 
enced reader, however, surprisingly precise 
readings can be obtained. The fatal 
defect of the method is its subjectiv- 
ity, with its dependence upon personal skill 
and attentiveness. 

Our readings at Pencoyd by this method, 
though self-consistent, proved, when cor- 
rected for an emissivity of 0.40, to be 10 
to 15°C higher than the probable true 
temperature deduced from thershgace ye 
readings. 
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Bath-equalization Method of Larsen and 
Shenk 


A photoelectric roof pyrometer is sighted 
on the inner surface of the roof through 
an opening in the back wall. Another 
pyrometer of the same type is sighted 
downward through a water-cooled opening 
in the roof upon the slag surface. The two 
pyrometer circuits are connected in oppo- 
sition, with a relay also in circuit which 
will turn on the fuel as soon as the differ- 
ence between the two pyrometers falls 
below a certain set minimum of 5 or 10°C. 

The procedure in taking a bath tempera- 
ture is to shut off the fuel and air supply, 
throw in the relay circuit, and wait. Within 
a period of 15 to 50 sec the slag, if not too 
viscous, will presumably have attained the 
temperature of the large mass of metal 
beneath it, in which most of the heat in the 
furnace is stored; at the same time the roof 
and slag will be rapidly equalizing in tem- 
perature by radiation. When metal, slag, 
and roof become equal in temperature 
within the prescribed tolerance, the fuel 
and air are automatically turned on. Mean- 
while, the recorder of the roof pyrometer 
has been recording the roof temperature, 
and its minimum, shown on the chart when 
the returning flame causes a sudden rise, 
is the equalized bath temperature. 

The bath temperature obtained in this 
way is in the nature of an average surface 
temperature of the metal and, if the bath is 


not homogeneous, readings at individual 


points, such as are obtained with thermo- 


couple or spoon, will differ from it. This is 


probably the reason why we found that 


_ the equalization method gave a terminal 


temperature (just before tapping) that 
appeared more nearly correct than any 
other method, yet was more erratic than 
the results by the blowing-tube method (see 


4 below), which has the effect of stirring the 


bath vertically within a restricted area. 
During the heats, the equalization tem- 


perature was 10 to 15°C above the probable 


true temperature. Its precision is high; 


under favorable conditions, near tapping 
time, about +3°C. When more than one 
equalization temperature was taken during 
the tapping period, the reading was found 
to be diminishing at a rate equivalent to a* 
loss of 3 to 5°C in the bath during the 4- to 
6-min. tapping period. 


Rod-boil Method 


A cold steel rod is inserted through the 
wicket into the bath while it is still active, 
and an optical pyrometer is sighted on the 
surface of the metal as it boils up through 
the slag. (The boiling is caused by the 
escape of carbon monoxide from solution 
as a result of the local chilling.) Readings 
are made during reversal of the furnace, 
when the flame is off. There is no correction 
for emissivity. 

The few readings which it was possible to 
secure at Pencoyd by this method were 
consistent with the equalization and the 
test-spoon methods, but it would be im- 
practicable to depend upon it for control, as 
the conditions are so frequently unfavorable 
to production of a boil. 


Slag Bubble Method 


An optical pyrometer reading is made, 
during reversal, on the interior of a gas 
bubble just as it bursts. The slag surround- 
ing the bubble has just risen from the sur- 
face of the metal, presumably carrying the 
metal temperature with it, and in fact the 
bubbles can often be observed to be ap- 
preciably darker than the main body of 
slag. This indicator of metal temperature 
was suggested by Mr. Larsen. 

The relatively small number of readings 
that we made by this method were, like the 
rod-boil temperature, consistent with the 
equalization and the spoon methods. When 
the bath is quiet, no readings are obtainable. 


Slag Surface Method 


The temperature of the bath is inferred 
from a series of optical pyrometer readings 
made during reversal, taken on the brighter 
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areas of the slag as the bath is heated up 
towards the end of a heat. The results by 
this method, as might be expected, could 
not be used as a basis for estimating the 


a tube made of vitreous silica (fused 
quartz), 2 in. or more in diam, and carrying 
the radiation receiver of a total radiation 
pyrometer in its open end, is inserted to 
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Fic 8—PRINCIPLE OF OPERATION OF BLOWING-TUBE PYROMETER. COLLINS AND OSELAND’S FORM 
AS USED IN EXPERIMENTS AT PENCOYD. 


. Welded steel tip 
ipe 
. Glass window 


. Asbestos gaskets 
. Optical pyrometer 


Py yO by 


true temperature of the bath, even though 
they were useful in showing the general 
course of temperature increase as influ- 
enced by fuel input and other factors. 


Closed-tube Radiation Method 


This method, while not adaptable to a 
large open-hearth furnace, has been used to 
some extent in small electric furnaces and 
should be included here. The closed end of 


Ianer pipe to protect window against moisture and dirt 
. Connection for introducing air 


. Air-tight cap, carrying window 


the depth of about 6 in. into the liquid 
steel. The silica tube is so transparent, 
especially to the infra-red wave-lengths 
that make up most of the energy at steel- 
making temperatures, that its inner surface 
quickly attains the radiating intensity of a 
blackbody or full radiator at the tem- 
perature of the liquid, and this tempera- 


ture is then recorded by an automatic — 


potentiometer. “ 
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Blowing-tube Pyrometer 


The simple device of a viewing-tube with 
open end inserted beneath the surface of 
the'liquid metal was first put into workable 
form and patented by Collins and Oseland® 
at the Gary Works of the Carnegie-Illinois 
Steel Corporation. The pyrometer tube 
consisted of a 6-ft length of 2-in. steel pipe 
carrying a current of air under sufficient 
pressure to blow back the liquid steel from 
an orifice at the end of the pipe. Through a 
window at the other (outer) end the tem- 
perature of the steel was read with an 
optical pyrometer. (Fig 8.) 

This type of pyrometer I have called a 
“blowing-tube pyrometer,” after the spe- 
cial patentable feature of its operation. 

In the form invented by Collins and 
Oseland the pyrometer, as tested at Pen- 
coyd, did not prove wholly practical under 
steel-plant conditions, because (1) it re- 
quired two men for its operation, one to 
hold the tube in place while the other made 
the reading; (2) it depended upon the 
optical pyrometer, whose readings are sub- 
jective in that they involve judgment by an 
individual eye and brain without possi- 
bility of independent checking; (3) readings 
had to be made in haste under conditions of 
psychological stress which were bad for 
precision. 

L. O. Sordah]*4 of our research laboratory 


; put the blowing-tube pyrometer into more 


practical form by two changes: (1) the 
optical pyrometer was replaced with a 


_Photronic cell, a photoelectric cell of the 


self-generative barrier-layer type, together 


with the necessary amplifier and current 


recorder; (2) an inner tube carrying a series 


of diaphragms was added, which together 


with the orifice define the beam of light to 


_ the Photronic cell. (See Fig 9.) In the earlier 
- comparisons, a Weston Electrical Instru- 


ment Corporation Model 721 amplifier, 
raising the micro-amperes of the cell to 


_ milliamperes, was combined with an Ester- 


line-Angus current recorder to make the 


Fic Q—LONGITUDINAL SECTION OF SORDAHL PHOTOELECTRIC BLOWING-TUBE PYROMETER. 
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record. While this combination is entirely 
satisfactory to the physicist, it is not as 
well adapted to conditions of maintenance 
in the open-hearth shop as the Brown In- 


TEMPERATURES IN THE OPEN-HEARTH FURNACE 


Another form of the blowing-tube py- 
rometer is that invented and developed by 
the research group of the Leeds and 
Northrup Co.® (Fig 10.) In this form the 


Fic 10—LEEDS AND NORTHRUP’S FORM OF BLOWING-TUBE PYROMETER. 
A. Pyrometer tube 


B. Inner tube 


C. Radiation receiver (Rayotube) 


strument Company’s ‘‘Electronik’’ auto- 
matic potentiometer, which has been used 
as the recorder in our more recent work. 

I shall not attempt to describe in detail 
the various difficulties met with in the 
development of the present form of the 
pyrometer. Nowhere more than in research 
work is it true that “Hindsight is better 
than foresight.” Looking back, we can see 
that some of the difficulties were very real 
and are still with us though overcome suffi- 
ciently for present purposes. Others appear 
‘in retrospect to have been quite unneces- 
sary. They all blend into the experience of 
any research man who, like Mr. Sordahl 
and the others who have been associated 
with him, have successfully evolved a 
working instrument or method out of some- 
times unpromising material. 


original optical pyrometer is replaced with 
a total radiation pyrometer having a very 
small and compact radiation receiver. In 
their first tentative form, the radiation 
receiver was mounted in the same position 
as the optical pyrometer window and the 
Photronic cell used in the two earlier forms. 
This combination was a failure for a reason 
difficult to foresee, namely, that the steel 
tube is likely to bend a little on account of 
unequal heating around its circumference 
at the point where it is in contact with the 
banks or with the door. This bending is of 
slight consequence to the earlier methods; 
the optical pyrometer requires only that 


the target be visible, while the Photronic 


cell receives the light over not quite the 
whole surface of a disk about 1.4 in. in 
diam, and a slight shifting produces no 
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error. The radiation receiver, on the other 
hand, concentrates the light and heat by 
means of a lens upon a small target con- 
sisting of a group of thermocouple junc- 
tions, and it cannot take care of a shifting 
target. Radiant heat from the inner wall of 
the pipe was another source of error for the 
radiation receiver, though of no conse- 
quence to the photo-electric cell. 

The designers therefore seized the bull 
by the horns, so to speak, and thrust the 
radiation receiver right down the tube into 
the furnace, so near to the orifice of the 
blowing-tube that not only is there no error 
due to bending, but also the receiver needs 
to utilize only the middle part of the target 
area. It thus becomes independent of the 
diameter of the orifice. This is an advan- 
tagé, because the orifice will occasionally 
be slightly reduced in diameter by picking 
up a thin “skull” of frozen liquid steel. 
This will constitute a direct error in the 
reading of the Photronic pyrometer, but 
will be without effect upon the accuracy of 
the radiation pyrometer. 

The receiver can be successfully placed 
thus near the orifice by virtue of these 
facts: (1) it can be insulated with thin 
metal sheet insulation; (2) the reading can 
be taken within ro sec; and (3) the receiver 
will endure a temperature of 150°C without 
harm while the Photronic cell must not be 
heated above 50°C. 


CALIBRATION 
Experience with these blowing-tube py- 


~-rometers has shown that it is possible to 


obtain a precise and reproducible reading, 
in either micro-amperes or microvolts, 


representing the intensity either of the 


visible light (Photronic instrument) or of 
the total radiation (radiation instrument) 


“coming from the inside of a bubble in the 


liquid. steel. This completes Step (2). We 


‘learned how to obtain an accurate measure- 


ment of the true temperature of the metal 


in Step (1). Step (3) can now be taken, by 


bringing the two sets of readings together 


in order to find whether they can be con- 
sistently correlated with respect to the 
principal variables, namely, composition 
and temperature. This we have done 
only with our Photronic blowing-tube 
pyrometer. : 

The calibration of the blowing-tube py- 
rometer has not only involved the rather 
simple physical problem of calibrating an 
instrument, but has resulted in an unex- 
pected coincidence that can easily lead to 
confusion of ideas, and has also brought up 
a problem in psychology and manufactur- 
ing control. The conclusions next to be 
presented are based upon many measure- 
ments by Mr. Sordahl during the past 
several years, made with the Photronic 
instrument in three plants, on plain and 
alloy steels with a wide range of carbon 
content (0.06 to 2.30 pct), in basic open- 
hearth, acid open-hearth, blown-metal, 
and electric furnaces, as well as in foundry 
ladles. This range of compositions and of 
conditions of manufacture has. made it 
possible to cover a temperature range of 
about 250°C, from 1430 to 1680°C (2600- 
3050°F), thus giving considerable validity 
to the conclusions for all customary steel- 
making conditions. 


EFFECT OF COMPOSITION 


It was found early in the comparisons 
that the blowing-tube pyrometer readings 
maintained a constant relation to true 
temperature for all commonly made varie- 
ties of carbon steel and low-alloy steel. 
This result was very convenient, but in one 
respect unexpected. We had reason to ex- 
pect that the percentage of carbon would 
have little if any influence, because pub- 
lished results by various earlier observers’® 
had shown that the emissivity of the 
liquid metal for wave-length 0.65u as used 
for optical pyrometry, is the same for pure 
iron and for cast iron containing about 4 
pet carbon. Steels with several per cent of 
certain oxidizable alloy metals such as 
manganese and chromium, on the other 
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hand, were known to be distinctly brighter 
to the optical pyrometer than pure iron and 
cast iron.!! To the blowing-tube pyrometer, 
however, they proved identical with pure 
iron and with high-carbon iron. 
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TEMPERATURES IN THE OPEN-HEARTH FURNACE 


in which i is photo-cell current, T is abso- 
lute temperature, and k and d are constants. 

In presenting the data in this form, I am 
following a different succession in logic 
from that used by Mr. Sordahl in making 


Phofronic cell current, arbitrary unit, log scale 


P 


1400°C =1673°K 15) 


00 Cc 
Temperature °K, logarithmic scale 


TL 


1750C 


Fic 11—CALIBRATION CURVES OF PHOTRONIC PYROMETER, 


A. Graph of equation: i = kiT'4 


B. Graph of Fogle’s photometric data for Type 3 Photronic cell. 
C. Graph of Larsen and Shenk’s equation for Type 1 Photronic cell: i = k2T'?-%4 


D, Graph of equation i = k3T12 


(p has a different value for each curve and each cell.) 


THe ABSOLUTE CALIBRATION 


With composition thus satisfactorily dis- 
posed of as a variable, the entire body of 
comparisons, covering 250°C, can be com- 
bined in one calibration curve of the 
blowing-tube pyrometer as used in the 
bath. Photo-electric current is plotted 
against thermocouple temperature, using 
. logarithmic scales because of the rapid 
increase of current with temperature. 
The curve proves to be very nearly a 
straight line, with a precision of 3°C. Our 
data fit curve B, in Fig 11. The current may 
be measured in any arbitrary unit, and is so 
represented in the Figure. The relationship 
is therefore of the form: 


t= kT¢ 


the original measurements and in present- 
ing them before the Open Hearth Con- 
ference.?°I do this because the ideas now to 
be presented are less familiar to a general 
audience than they are to the steelmakers. 
The actual data consist, first, of blowing- 
tube current readings made just before 
tapping, combined with optical pyrometer 
readings on the same metal as it runs out 
of the furnace into the ladle; second, of 
blowing-tube current readings with the 


same Photronic cell, made alternately with — 


platinum thermocouple readings in a steel 
bath, but in most cases not in the same 
furnace and bath as the first set. The first 
set served to establish a calibration curve 
of current against brightness temperature; 
the second set compared this brightness 
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Fig 12—RELATION OF PERCENTAGE OF OXYGEN IN NITROGEN, TO APPARENT TEMPERATURE OF 
LIQUID STEEL, AS MEASURED BY BLOWING-TUBE PYROMETER. 
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Fic 13—LINEAR RELATION BETWEEN TRUE TEMPERATURE, AS MEASURED BY THERMOCOUPLE, 
AND: TEMPERATURE READ WITH BLOWING-TUBE PYROMETER CALIBRATED BY MEANS OF OPTICAL 
_ PYROMETER SIGHTED ON THE TAPPING STREAM AND CORRECTED FOR ASSUMED CONSTANT EMIS- 
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temperature scale against true (thermo- 
couple) temperature. 

Readings of both types were made over 
the entire range of temperature concerned, 
the actual points of the second set being 
shown in Fig 13. Care was taken to have the 
bath satisfactorily uniform in temperature 
and the readings were not used if a steep 
gradient was found in the liquid. These 
precautions seem to eliminate the possi- 
bility of any systematic error in the 
comparisons. 

As far as the measurement of bath tem- 
perature is concerned, then, the job is 
finished, for we have calibrated the shop’s 
blowing-tube and Photronic cell com- 
bination in terms of true temperature of 
the bath as measured by the platinum 
thermocouple. 

It happens, however, as I have already 
indicated, that three collateral comparisons 
are also possible with the assembled data, 
and no conscientious physicist can ignore 
them; he must see whether they are 
mutually consistent, and if they are not 
consistent, he must find out why. The 
first of these comparisons involves bright- 
ness; the second, photometry; the third, 
emissivity. 

To consider the first of these, we need to 
return for a moment to some practical 
operating details. 


CHECKING SYSTEMS 


To insure precision, any industrial py- 
rometer needs to be provided with some 
convenient means for checking from day to 
day, independent of its original and some- 
times difficult absolute calibration. For a 
time, we depended upon a simple check of 
the Photronic cell alone, made by exposing 
it, alternately with a standard Photronic 
cell, to a constant illumination in a testing 
box containing a flashlight lamp, ammeter, 
and ground-glass screen. This is not com- 
pletely satisfactory, however, for something 
might go wrong with the orifice, the pro- 
tecting window, or the current recorder, 


OPEN-HEARTH FURNACE 


and still remain unnoticed even though the 
cell was correct. The designers of the 
Leeds. and Northrup instrument® took 
special pains to provide for an over-all 
check: of their entire pyrometer, by bal- 
ancing the working tube, through a gal- 
vanometer, against a standard tube of 
identical construction, both being sighted 
toward some steady high-temperature 
source such as the inside surface of the roof 
or walls of a furnace, whose true tempera- 
ture does not need to be known. 

We have found it convenient to supple- 


ment the Photronic cell check with an ~ 


over-all check of the blowing-tube pyrom- 


eter as a whole, by sighting the tube on a ~ 


spot on the inside of the furnace roof (with 
fuel turned off, to avoid variable flame 
reflection), and making a simultaneous 
reading either with an optical pyrometer 
on the same target, or with a radiation 
roof pyrometer which in turn has been set 
by calibration with an optical. This reading, 
it must be emphasized, need not be treated 
as an independent calibration of the blow- 
ing-tube pyrometer but only as a day-to- 
day check to assure consistency and 
precision. 


BRIGHTNESS TEMPERATURE 


Let us now see what additional informa- 
tion is obtainable from the method of 
routine checking just mentioned. The roof 
is very nearly a blackbody radiator, but 
whether it is exactly that or not, the red 
light of 0.65 uw in the optical pyrometer and 
the predominantly red light that affects 
the Photronic cell represent so nearly the 
same emissivity in the roof that we 
are justified in trying out this check read- 
ing as an independent calibration of 
the blowing-tube pyrometer against true 
temperature. 

There is no guarantee in principle that 
when sighted into a bubble in liquid metal 
the cell will experience the same illumina- 
tion as when sighted on a blackbody. One 
logical expectation is that the cavity in the 
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liquid, being bounded in part by the rela- 
tively colder surface of the end of the steel 
tube, will show an average emissivity less 
than that of a perfect radiator. Accord- 
ingly, if a blowing-tube pyrometer has 
delivered a photo-current ¢ in a bath of 
temperature 7, and is then sighted upon a 
roof brick held at such a temperature that 
it again delivers current c, we might reason- 
ably expect that an optical pyrometer 
sighted on the same brick should read a 
lower temperature, JT — a. 

The opposite possibility is that the inner 
surface of the bubble, exposed as it is to 
oxygen of the air at a rapidly rising tem- 
perature, will not behave exactly like steel 
exposed in the open to a cold surrounding 
' atmosphere, but will react and undergo 
some increase of brightness. In that case, 
if the cell that delivers current c in the steel 
bath at T is sighted on a roof brick that 
likewise produces current c¢, an optical 
pyrometer sighted on the same brick will 
read a higher temperature, T + 0. 

Rather to our surprise, the optical read 
T + 6 instead of T — a, and has done so 
consistently in all cases, thereby furnishing 
an interesting by-product of fact. There is 
no avoiding the conclusion that the bubble 
is brighter than a perfect radiator at the 
same temperature. The most reasonable 
explanation is reaction with oxygen of the 
air, as was quickly proved by a test using 
nitrogen from a cylinder in place of air. The 
brightness was found lower than that with 
air at the same steel temperature, by just 
the amount corresponding to the correction 
b, indicating that the bubble filled with 
nitrogen is close to being a perfect radiator, 
at least for the temperature of this test. 

The explanation has been further con- 
firmed by tests with mixtures of air and 
nitrogen. The results are shown in Fig 
- 12, The difference is not proportional to the 
_ percentage of oxygen but rises less rapidly 
with a low percentage of oxygen, and the 
curve may conceivably be discontinuous, 
if a surface film is involved. It will be 


interesting to learn, from further experi- 
ments, why the brightening effect is inde- 
pendent of alloy composition in a bubble, 
but is intensified by manganese and 
chromium on a smooth surface of flowing 
metal exposed in the open air. 


PHOTOMETRIC CHECK 


In the preceding paragraphs, I have been 
treating the Photronic pyrometer in our 
blowing-tube as a purely empirical device, 
to be calibrated by comparison. Let us now 
recall that the Photronic cell has an inde- 
pendent standing of its own in the instru- 
ment world, namely, as a photometer. Its 
spectral response curve is well known, and is 
not very different from the visual response 
curve of the human eye.*4 The distribution 
of energy in the spectrum of a blackbody 
or perfect radiator at a given temperature 
is also accurately known by the Wien- 
Planck formula.1° The photometric data 
are therefore at hand to convert the 
Photronic cell current reading directly into 
blackbody or brightness temperature. 

Through the cooperation of Mr. M. E. 
Fogle and other technical men of the 
Weston Electrical Instrument Corporation, 
which makes the Photronic cell, we were 
able to secure cells especially selected for 
pyrometric use. The virtue of a special 
selection will be evident from the fact that 
the everyday Photronic cell is made and 
tested for use as a photographic exposure 
meter in daylight. At the end of our 80-in. 
pyrometric blowing-tube the light intensity 
is only a minute fraction of daylight. By 
testing at very low illumination, cells can 
be selected for equivalence of response in 
the steel bath, as they cannot be by the 
ordinary daylight test. The cells so selected 
are known as Type 3, Weston specification 
668-12. 

Fogle? has_made a photometric-pyro- 
metric study of the Type 3 cell. Calculation 
from his data (represented by curve B in 
Fig 11) shows that thecurrent follows 
fairly closely the formula on page 30 
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with d for the range 1400-1700°C decreas- 
ing from 13.5 to 12.3. Larsen and Shenk,’® 
with the aid of direct calibration in fur- 
naces, found for the older cells of Type 1 

‘a constant value for d of 12.34 for the range 
1200-1750°C (curve C in Fig 11). Our data 
are consistent with either of these curves, 
for a change of o.5 in d has hardly any 
appreciable effect on a temperature inter- 
polated within 100°C. Only if temperatures 
near 1700° were extrapolated from some 
much lower calibration point, say 1400°, 
would the value of d come into question, as 
will be clear from Fig 11. 

Since we are using Type 3 cells in the py- 
rometer, we have adopted the slope of 
Fogle’s curve as a basis for interpolation 
and plotting of data. Each cell, however, 
has its own value of sensitivity to a stand- 
ard illumination, hence there is no absolute 
correspondence of current and temperature. 


EMISSIVITY 


Another and more disturbing result of 
these comparisons is the new information 
obtained on the emissivity of liquid iron 
and steel. 

An optical pyrometer sighted upon a 
smooth surface of liquid steel (which must 
be clean and should appear slightly gray in 
contrast with neighboring brighter por- 
tions of the surface that are rough or con- 
taminated with slag or oxide) reads only a 
“brightness temperature”? which is con- 
siderably lower than the true temperature. 
The early measurements indicated that 
both pure iron and iron with 4 pct carbon 
have an emissivity of 0.40 for wave-length 
0.65u.1® This means that a clean surface of 
the liquid near its melting point radiates 
only 40 pct as much red light as a black- 
body (a perfect absorber or perfect radia- 
tor) at the same temperature. In the 
absence of exact measurements at higher 
temperatures, it has been assumed during 
the past two decades that this emissivity is 
constant, and the pyrometer manufacturers 
have accordingly built instruments with a 


special scale for use with cast iron and plain 
carbon steel, based upon the assumed con- 
stant emissivity of 0.40. 

Optical pyrometer readings are custo- 
marily taken on the flowing stream during 
tapping of steel from the furnace, and 
again during the pouring process. We have 
supplemented these routine plant readings 
with optical pyrometer readings of our own. 
There is consequently a large body of data 
on the optical brightness of steels for which 
we have at the same time true thermo- 
couple temperature and the blowing-tube 
readings. These data now show, as has been 
suspected for a number of years, that the 
emissivity € is not constant at o.40, but 
rises with temperature. The present data 
fit a curve that goes from 0.39 at 1425°C to 
0.50 at about 1650°C. Of its course at still 
higher temperatures nothing is known. 
There is some indication in the data that 
the controlling variables in the variation of 
€ include not only the actual temperature, 
but the degree of superheat of the metal 
above the liquidus (see page 3 and Fig 4); 
additional very precise measurements will 
be necessary before this matter can be 
clarified completely. The meaning of these 
differences, in their effect on the tempera- 
ture scale, can be shown thus: +0.o0r in € 
means —1°C at 1200° and —4°C at 1650°. 

Increasing emissivity means increasing 
brightness relative to the perfect radiator, 
hence diminished correction for emissivity. 
The temperatures as now read optically in 
the steel plants are a little high near the 
melting point of iron, and become increas- 
ingly too high with rising temperature. 
What we now call 1650°C or 3002°F, after 
reading it with the optical pyrometer and 
using the conventional scale for steel, is 
actually only 1613°C (2935°F). 

I referred above (page 29) to an unex- 
pected coincidence that turned up in these 
comparisons. It is this: the extra brightness 
developed in the bubble of the blowing- 
tube pyrometer is exactly the same, within 
the limits of error of this comparison 


(which is within +5°C), as the error due to 
the assumption of a constant emissivity of 
0.40 for iron. In other words, a blowing- 
tube pyrometer calibrated in a steel bath 
with the aid only of an optical pyrometer 
and the present ‘(supposedly erroneous) 
correction table for iron, will read correctly 
the true temperature of the open-hearth 
roof or of a blackbody. 

While the data that I have cited and 
the conclusions therefrom are consistent 
throughout, it is fair to ask why the various 
laboratory determinations of the emissivity 
of liquid iron have indicated only a slight 

__ tendency to increase with temperature, less 
than the rather considerable change 
brought out by Sordahl’s observations. An 
explanation may possibly be found in the 
very different conditions of observation at 
the furnace and in the laboratory. The 
brightness temperature of steel to which 

_ our observations apply is read on a rapidly 

_ flowing stream carrying as much as half a 
ton per second past the point observed. 

_ The laboratory measurement has usually 

- been made on a few pounds, at most, of 

_ metal in not very vigorous motion. Some 

cinematography by British investigators” 
has revealed rapid fluctuations in the fur- 
nace stream, too rapid to be observed 
visually, leading, perhaps, to an average 

brightness and emissivity that is different 

a from the values for a quiet surface. 


SCALE 


If further work confirms the values that 
_ we have found for emissivity of steel in a 
tapping stream, the temperature scale in 
- the open-hearth shop needs correcting. 
- This presents us with a minor problem in 
the fields of plant management and of 
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commerce, as differentiated from those of 
physics and metallurgy. Should a plant 
that is thoroughly accustomed to the old 
scale change suddenly to the new? The 


difference is large enough to affect plant 
specifications on tapping and pouring 
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practice. All the instruments with scales 
based on emissivity 0.40 would have to be 
discarded or rebuilt. The plant men will be 
confused as to the source of the sudden 
change in temperature. If one plant 
changes and another does not, there will be 
endless confusion over comparative tem- 
peratures. All these are reasons for ‘‘leav- 
ing well enough alone.” 

On the other hand, I believe there is no 
permanent gain in adhering to incorrect 
data merely for the sake of convenience. 
An agreement among the technical men of 
the steel industry to change to a more cor- 
rect scale on a predetermined date would 
probably take care of the matter satisfac- 
torily, but the change should only be made 
after everyone is convinced, by as much 
independent confirmation as practicable, 
that the new data are the best obtainable. 

Meanwhile, when a temperature is given 
for liquid steel in the open-hearth range, 
it should always be explicitly stated 
whether it is true temperature, or is a tem- 
perature on what we may call the “o.4 
brightness scale.” 

I have devoted the larger part of this 
Lecture to bath pyrometry because the 
problems are new, interesting, and diff- 
cult. There are seven other regions of py- 
rometric interest in the furnace,—the slag, 
the roof, the walls, the bottom, the regener- 
ators, the gases, and the flame,—but they 
must be treated much more briefly. 


THE SLAG. 


Only by a passing chance is the slag ever 
at the same temperature as the steel bath 
beneath it. This will be obvious when we 
remember that all the thermal energy re- 
ceived by the bath, after it has been com- 
pletely melted and has become covered with 
a layer of slag from one to ten inches deep, 
must be transmitted through this slag. The 
transmission is probably accomplished 
mainly by absorption of energy at the top 
surface of the slag and its transfer to the 
metal by convection. This process implies 
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not only a gradient of temperature in both 
slag and metal, but also a permanent differ- 
ence of temperature at the boundary, well 
known to chemical engineers in their 
studies of the flow of heat across boundaries 
at much lower temperatures than ours. 

The slag may normally be expected, 
therefore, to be hotter than the steel. 
Thermocouple measurements have shown 
it as high as 1760°C. Such a temperature 
can be attained only directly under an oil 
or tar flame, but I suspect that even in 
other areas of the bath the slag is as much 
as 50°C hotter than the metal. In the dis- 
cussion of bath pyrometry I have men- 
tioned the dark bubbles rising through the 
slag from the steel; a contrast of 10°C 
would be observable, and 50°C should be 
conspicuous. 

The possible upper limit of slag tempera- 
ture would be either the blackbody equiva- 
lent of the radiating flame, or the 
actual temperature of the flame gases in 
contact with the slag surface when the 
flame is directed downward sufficiently to 
touch the surface. In the latter case, the 
slag might locally reach a temperature as 
high as 1900°C. It sometimes happens that 
the flame of driven fuel (oil, tar) does touch 
the slag, and this may be one of the reasons 
why furnaces burning liquid fuels have 
heavier deposits of iron oxide in the re- 
generators than gas-fired furnaces, for the 
vapor pressure of iron and iron oxide from 
the slag may be expected to rise rapidly 
with temperature. Particularly if there is a 
little free carbon or carbon monoxide in the 
flame will there be volatilization, because of 
local reduction to iron on the slag surface. 

The minimum temperature of the slag 
during normal operation should be attained 
at reversal of the furnace during the early 
part of a heat making a high-carbon steel. 
It is perhaps 10°C less than the minimum 
of the slag-covered bath, and may be 
estimated at 1110°C. Considerable inequali- 
ties may exist in the furnace, however, 
before the period when the ore boil and lime 
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boil begin to stir the bath and to equalize 
slag and metal. 

In physico-chemical discussion of slag 
reactions we commonly assume that the 
slag is a homogeneous liquid solution of 
silica, iron oxides, lime, and magnesia, with 
minor amounts—occasionally increasing to 
major magnitude—of manganese oxides, 
alumina, alkalies, phosphorus pentoxide, 
chromium oxide, and other metal oxides. 
A silicate liquid, as can easily be observed 
by chilling it to a glass, can be quite trans- 
parent and colorless, which means that its 
absorbing power for that part of the energy 
spectrum that is visible to the eye is very 
low. What is its absorbing power for longer 
wave-lengths? It is conceivable that a fur- 
nace containing a quiet bath of steel cov- 
ered with slag might be not unlike a basin 
containing mercury covered with water, 
difficult to heat by radiation because the 
liquid is transparent and the metal is 
reflecting. At the other extreme, the slag 
might be pictured as a liquid so opaque that 
it would itself reflect like a metal, and 
again be a poor heat absorber when its sur- 
face was smooth. 

It is well known to the furnace men that 
when the steel bath becomes very quiet or 
“flat,” and the slag takes on a mirror-like 
surface, the absorption of energy drops 
sharply and the fuel must be cut back to 
avoid damaging the walls and roof. The 
image of flame and roof can be seen re- 
flected from the slag surface, but this would 
be true whether the slag were perfectly 
transparent or perfectly opaque, because 
even a transparent liquid reflects some of 
the incident light. 

The ideal slag, from the standpoint of 
heat transfer into the bath, would seem to 
be somewhere between the two extremes of 
perfect transparency and complete opacity. 
Actually, many slags have somewhat the 
qualities of a mud, since they carry finely 
divided suspended crystals of calcium 
orthosilicate (2 CaO.SiOz), periclase (MgO 
containing FeO and FeO; in crystalline so- 
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lution), and magnesioferrite (MgO.Fe,0s). 
The slag may even grade over into a wet 
sand or gravel, when it carries larger frag- 
ments of undissolved lime (CaO), as well as 
magnesia from the furnace banks. 

In any event, its wide range of possible 
temperatures (1110-1900°C) and our pres- 
ent ignorance of its optical (to say nothing 
of its chemical) properties, mark the slag 
in the open-hearth furnace as a promis- 
ing subject for research of value to the 
steelmaker. 


THE Roor 


The principal purposes of open-hearth 
roof pyrometry are protection and operat- 
ing efficiency. (See page 16.) 

The temperature of the inner surface of 
the roof can fall very low during the charg- 
ing period because of the large heat capacity 
and low temperature of the cold scrap. The 
roof often looks black during the early 
part of the charging period, but the im- 
pression is probably falsified by the con- 
trast with the flame and with hotter parts 
of the furnace. A black object begins to be 
visible as a deep red in the dark at about 
480 to 510°C. I doubt whether in continu- 
ous operation the roof ever cools to this 
temperature, but the minimum may reach 
700 or even 600°C. 

The maximum temperature of the silica 
roof is set by chemical, rather than physi- 
cal, considerations.***! Liquid metallic iron 
has a measurable vapor pressure (0.1 mm 
- oro.13 X 107% atmosphere at 1650°C). The 
lower oxides are also volatile, though less so 
than the metal. Darken and Gurry’ find 
that the vapor in equilibrium with an oxide 
liquid having a composition near FeO (see 
A Fig 14) contains the same proportion of 
iron and oxygen as the liquid itself; it is 
what the physical chemist calls a “con- 
stant-boiling mixture.” Excess oxygen in 
_ the gas mixture in the furnace, accordingly, 
converts some of the volatile metal into 
solid or liquid oxide, in the form of im- 
palpable dust or fog, some of which is so 


fine that it travels all the way through the 
regenerators and comes out of the stack as 
brown smoke. The silica brick surface 
absorbs these vaporized or dusty oxides to 
form a liquid (2, and B in Fig 15 and 16) 
whose fusion temperature is relatively low 
but which does not carry a high percentage 
of silica.!2 But just as soon as the tempera- 
ture rises above the critical point where the 
two siliceous liquid phases A and B are in 
equilibrium, silica is dissolved to form the 
silica-rich liquid A, which is nearly pure 
silica. This occurs at a temperature not 
less than 1660°C nor above 1688°C 
(3020-3070°F). Both liquids flow along the 
surface of the roof, and if they are being 
produced rapidly enough, they will form 
stalactites or roof drips. At a slightly higher 
temperature, namely 1728°C, the pure 
silica (cristobalite) crystals themselves 
melt and join the other liquids. Rapid de- 
struction of the roof follows if such a tem- 
perature is maintained. 

Under normal working conditions, with 
a roof life of 150 to 300 heats for a sta- 
tionary furnace melting scrap and blast 
furnace iron, only a few hundredths of an 
inch of thickness of silica is dissolved away 
at each heat. Many times this amount can 
be liquefied in a few minutes if the tempera- 
ture exceeds the critical limit. On the other 
hand, rapid melting and working of the 
heat require that the temperature be main- 
tained as high as possible to assure the 
transfer of heat from the flame or the roof 
surface to the bath. It has, therefore, been 
found well worth while in economically 
operated furnaces to maintain an auto- 
matic roof temperature control, or at least 
an automatic roof temperature indicator 
and recorder. This has usually taken the 
form of a radiation pyrometer sighted 
through an opening in the back wall and 
directed toward a point about midway of 
the inner surface of the roof. The middle 
point is chosen because it is least subject 
to unsymmetrical change with reversal of 
the furnace. 
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Photoelectric pyrometers (Photronic 
type as developed by Larsen and Shenk)!” 
have also been used for roof temperature 
indication, record, and control. The photo- 


3000 
liquid oxide 
liquid oxide = oor s 
magnetite 2800 
liquid oxide | @ He on 
+ = Sfepeu 
se -))iron magnetite ‘3 
ui oxide ‘ 2600 
ef CEE) EE ee 
Te liquid oxide 
+ wdsTite 
2400 
widsTive 
1200 2200 
a 
= ° 
2000 
a) wistite magnerite ts 
° + AJ ~ 
magnetite hematite oS 8 
1000 & 1800 
o » ne 
q << 
3 
600 
€ 
ev 
800 
1400 
1200 
600 
1000 
alpha-iron + magnetite 
FeO aoe 


0000.2 04 22 
Oxygen 


23 
per cent 


24. 25 


TEMPERATURES IN THE OPEN-HEARTH FURNACE 


cell is more easily damaged by overheating 


and therefore has to be more carefully 
protected by water-cooling and by heat- 
absorbing glass. It also requires a longer 


Fic 14—CoMPOSITION-TEMPERATURE PHASE EQUILIBRIUM DIAGRAM FOR THE SYSTEM IRON-OXYGEN. 
(DARKEN AND Gurry (1946)) 


electric pyrometer has the advantages of 
' greater sensitivity, less interference by 
carbon dioxide and water vapor, and 
speedier response to changing temperature. 
It has the disadvantage that the Photronic 


tube, which makes it awkward on some 
furnaces because of interference with vari- 
ous operations along the pit side of the 
furnace. 


Front wall pyrometers of the radiation — 
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type have also been tried. The front wall is 
a more difficult place for working and sery- 
icing a pyrometer because of interference 
from doors and water pipes. It must be 
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necessary. The same is true of the so-called 
“H block” roof pyrometer, which consists 
of an inserted refractory block with a verti- 
cal cross-section like a capital letter H, and 


0, 280 90 
“2FeO.SiOe 


Fic 15—COMPOSITION-TEMPERATURE PHASE EQUILIBRIUM DIAGRAM FOR THE SYSTEM SiO2-FeO. 
(BowEN AND SCHATRER (1932)) 


Phases: C: Cristobalite, SiOz. 
F: fayalite, 2FeO.SiO2 
L and Ls: iron-rich liquid B. 
La: siliceous liquid A. 
T: tridymite, SiOz. 
W: wiistite, FeO crystalline solution 


Curve ff represents weight per cent Fe2Os in liquid B in equilibrium at liquidus temperature. 


- mounted in such a way as to be completely 


protected by the buckstays of the furnace, 
else it will be damaged by the charging 


-machine and the boxes of scrap, and the 
like, traveling across the front of the 


furnace. 

Thermocouple pyrometers have also been 
tried in the open hearth roof, but have 
never been entirely satisfactory because the 
reading obtained is not the temperature of 


the inner face of the brick but a tempera- 
ture somewhere along the gradient between 
the inner face and the outer surface. An 
empirical correction is therefore always 


a radiation pyrometer sighted down into 
the upper chamber of the block. This tem- 
perature, like the thermocouple, requires a 
constantly changing empirical correction. 

It must not be assumed that the tempera- 
ture of the inner surface of the roof is always 
equal to the temperature of the slag, the gas, 
or anything else in the furnace space. The 
flame is certainly hotter than the roof surface 
at all times. It is also possible to heat the 
slag and steel to a temperature higher than 
the roof surface, because the transfer of heat 
is largely by radiation and if the roof sur- 
face is a good reflector, it can be cooler than 
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anything else in the vicinity. It probably 
would be entirely feasible, though perhaps 
not economically practicable, to use for the 
open-hearth roof a water-cooled sheet of 


SiOz 


fe) 40 
Fas Oz, 


50 60 7O 


own temperature, its temperature when the 
flame is absent will still approach a value 
lower than that of the slag and bath. This 
is because there is a steady flow of heat by 


Weight per cen? FeO > 


Fic 16—PROJECTION OF PARTIAL COMPOSITION-TEMPERATURE PHASE EQUILIBRIUM DIAGRAM FOR 


THE SYSTEM SiOQ2-FeO-Fe203. 


polished silver. If the proportions of the 
furnace were such that a relatively cool 
layer of gas could be made to travel slowly 
along the roof surface, the silver roof would 
gain heat only by contact with this gas 
layer, and the main body of the radiant 
heat of the flame would be almost com- 
pletely reflected down to the slag to be 
absorbed there. Such a roof could even be 
designed to focus the radiant energy at any 
desired point or line. 

If the roof surface of refractory brick is a 
perfect absorber, reflecting no heat what- 
ever but radiating in accordance with its 


(BOWEN AND SCHAIRER (1932)) 


conduction from the inner to the outer 
surface of the roof. The thermal equilib- 
rium, therefore, with blackbody conditions 
existing inside the furnace, requires that the 
temperature of any area of the inner surface 
will depend upon the rate at which heat is 
being conducted away from that area. 

The silica roof has a critical minimum as 
well as a critical maximum temperature. 
The minimum is set by the inversion tem- 
perature of cristobalite, at 200-275°C, a 
change in crystalline structure that is 
accompanied by a large and sudden volume 
change capable of shattering the. brick.?® 


. 
: 
i  EEEeEEEeEeEeEeEeEeEeEeEyEeeEeEeEeEeEeEeEeEeEEeEEeEEeEeEE——= SS 


en oe ey 


ee ee ee ee ee 2 


4. yew |e 


ee 


ROBERT B. SOSMAN 41 


_ This temperature is seldom if ever attained 
by cooling during normal continuous opera- 
tion, but it must be passed through 
cautiously when the furnace is first heated 
up from the cold state. 

With a basic roof (magnesia, chrome, or 
chrome-magnesia brick) the relatively low 
upper limit set by the chemistry of silica 
and the oxides of iron is raised, probably by 
at least 200°C.*? (A temperature of over 
1750°C has been observed on an operating 
basic roof.) The melting temperature of the 

- constituents of the brick is now so high 
(2800°C for magnesia, 2135°C for spinel, 
2180°C for chromite) that even the eutec- 

tics are not easily attainable and the melt- 
ing temperature of the brick no longer 
needs to be considered. Iron oxide is still 
the destructive agent, but whether there is 
a limiting liquidus temperature, as with 
silica, remains to be found by phase 
equilibrium studies of the system MgO- 

_ Al,O3-Cr203-Fe-O. 


Tue FURNACE WALLS 


Logically, the four walls of a rectangular 

- furnace inclosing a pool of steel and a flame 

might seem to be operating under nearly 

identical conditions. Actually, the four 

walls receive very different treatment and 
“ each has its own cycle of temperature. 


gy The Backwall 
The backwall is easiest to handle. In 
most plants it is entitled to the same con- 
4 sideration as the chapter on snakes in the 
~ book on Ireland: there is no backwall. 
_ Looking back over its history, it seems no 
more than a natural development from 
current practice that the rear bank, as a 
; portion of the basic bottom, should grow 
upward, while the base of the arched roof 
was lowered to meet it. The result is the 
“sloping backwall,” adopted in the design 
of nearly every modern open-hearth fur- 
‘nace. (See Fig 3.) In the tilting furnace, 
however, with its exceptionally high roof, 


there is still a vertical section of brick laid 
backwall. 

The temperature in the re-entrant angle 
(roughly 80-90° of arc) between the roof 
and the sloping bank might be expected to 
be higher than anywhere else in the furnace 
excepting the inside of the flame. The 
reason takes us back to the fundamental 
principles of radiant energy. A basic con- 
cept of the theory is the “blackbody” or 
holoradiator, an object or surface which 
absorbs all the radiant energy that strikes 
it, and re-radiates the energy according to 
the Wien-Planck Law.!°?9 The wedge of 
space between two plane surfaces meeting 
at an acute angle is a fairly good black- 
body; it approaches perfection as the angle 
becomes smaller, if the reflecting power is 
of the right magnitude. (See Fig 17.) For 
example, Mendenhall?® shows that the 
emissivity or the absorptivity of a wedge 
with a 10° opening, in a material of reflec- 
tivity 0.7, is 0.908. 

The geometrical explanation is simple: 
nearly every beam of radiant energy that 
enters the wedge and strikes one of the two 
surfaces is reflected, if reflected at all, 
across to the opposite surface, and then 
has to undergo several more cross reflec- 
tions before it can escape from the en- 
trance. There will be some absorption at 
every reflection, consequently the walls 
build up in temperature until the wedge is 
emitting nearly the blackbody radiation 
which is characteristic of the temperature 
of the two surfaces, regardless of the charac- 
ter of the original radiation or the true 
emissivity of the material. An everyday 
example is the extra brightness of a scratch 


or a crack in the polished surface of a hot 


piece of metal. 

Since the wedge between the sloping 
backwall and the roof is a better absorber 
than the flatter and more exposed portions 
of walls and roof, its temperature should be 
a little higher. This is consistent with the 
fact that the silica roof always wears away 
most rapidly near the rear skew-back. It is 
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true that another plausible explanation can 
be offered for this type of roof wear, 
namely, that the flame ‘and combustion 
gases may strike, superheat, and erode this 


Front Wall and Doors 


The front wall, together with the doors, © 


which are usually five in number, consti- 
tute the barrier that incloses the furnace 
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Fic 17— ABSORPTION OF RADIANT ENERGY BY A WEDGE-SHAPED OPENING WITH REFLECTING WALLS. 


part of the roof, but the observation as to 
extra wear in this region is so general that 
it seems that some better explanation 
should be found for it than the rather 
accidental and variable one of flame 
erosion. 


Endwalls 


At the two ends of the furnace, the 
sometimes complicated construction that 
provides for the entrance of fuels and pre- 
heated air, and for the removal of waste 
gas, exposes the refractories not only to the 
sharp change in temperature that accom- 
panies reversal of the furnace, but also to 
the direct impingement of the waste gas 
carrying its reactive load of iron oxides. 
These parts of the furnace, consequently, 
were the first to see the introduction, about 
1914, of magnesia rammed into steel tubes 
as a replacement for silica brick, to be 
replaced a few years later by the more re- 
sistant types of chrome brick and chrome- 
magnesia brick that had been developed in 
the meantime. 


heat at the side toward the charging floor. 
The banks of the furnace rise to or above 
the level of the sill plate of the doors, 
and the doors may occupy more than half the 
total front wall area. The fixed wall, there- 
fore, is little more than a series of panels 
joined together near the roof by a series of 
arches. 

In the modern furnace each door is inde- 
pendently water-cooled, partly for the 
comfort of the workmen, partly for the 
preservation of the door. Water-cooling of a 
lintel that supports the portion of wall 
above the door opening, which would 
otherwise be supported by an arch, is also 
frequent. Finally, the skewback steel mem- 
ber supporting the roof is sometimes pro- 
tected by a water cooler. Through the front 
of the furnace as a whole, then, there is 
poured a large amount of heat that accom- 
plishes nothing within the furnace but is 
thrown away with the warm water. 

The flame is usually directed at a small 
angle toward the front from the center line 


of the furnace, but not enough to reach the 


roof, banks, 
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front wall. The front barrier hence receives 
much of its heat by radiation from flame, 
endwalls, and slag. Conse- 
quently, with a constant relatively large 
through-put of heat due to water-cooling, 
the front barrier as a whole should be a 
little cooler than the roof and banks. At the 


“same time, there must be a differential 


within the barrier itself, the panels between 
the doors being the hottest parts. The 
differences are not conspicuous, amounting 


perhaps to 20°C at the most. 


Another factor in furnace operation fre- 
quently works in a diametrically opposite 
direction as to the temperature of the front 
barrier. An excess of pressure within the 
furnace, especially during a period of active 
reaction in the bath, causing the furnace to 
“blow,” drives the hot gases to the nearest 
available exits, namely, the wicket hole 
and the cracks around the doors. The inner 


face of the door may be thus bathed in 


flame, and consequently heated, by direct 


transfer, to a temperature temporarily 
higher than slag or roof. 


” 


The Bottom 
The thermal history of the bottom differs 


radically, according to the process by which 


: 


- 


it is constructed. First of all, the furnace 
_may have a “solid bottom,” built on a 
heavy concrete foundation; or (more com- 
monly) it may have a “pan bottom,” built 
upon a platform of steel plates resting on 


_I-beams, girders and columns. A structure 


of refractory brick is built up on the solid 
‘foundation, while in the case of the pan 
bottom, the brickwork is separated from 
the steel pan by a layer of refractory insu- 


F lation. In either type of construction, the 


principal differences are in the granular 
refractory materials that are put on top 
of the brickwork. The bottom may be: (1) 


Bourne i in; (2) partly rammed and partly 
sezned (3) fully rammed. 


The hottest part of the career of a 
purned-i in battom (type 1) is at the very 
genome of its life. It is built up by feeding 
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into the furnace thin layers of granular 
dead-burned magnesite mixed with slag, 
and firing each layer to the maximum tem- 
perature that the roof and walls of the 
furnace will stand. Any portion of it above 
the brickwork may therefore reach 1675 or 
even 1700°C while being built up, but will 
never again reach that temperature while in 
use. 

In type (2) a layer of a wet plastic 
chrome ore mixture, or of a specially pre- 
pared magnesite, is rammed on top of the 
brickwork. Firing and building up of the 
upper layers of the magnesite bottom is 
then conducted as in type (1). The top sur- 
face of the rammed layer may reach 1675- 
1700°C, likewise the burned-in magnesite 
above it. 

In type (3) the entire thickness of bottom 
above the brickwork is rammed with a 
dampened (not plastic) prepared mag- 
nesite, which is subsequently heated to the 
interior furnace temperature only at its 
top surface, the “hearth” of the furnace. 

Pyrometry of the bottom has usually 
been for purposes of research and develop- 
ment, rather than control of quality or 
efficiency. Bottom pyrometry has been 
proposed as a means of insurance against 
break-outs, particularly in electric furnaces, 
but the installation is too difficult and the 
maintenance too troublesome to justify it. 

In our experiments platinrhodium-plati- 
num couples have been used for tempera- 
tures in or just below the magnesite section. 
They are protected with refractory porce- 
lain tubes which must further be given a 
temporary protection with brick or pipe 
while rammed proprietary materials such 
as Plastic KN, Ramix, or Magnamix are 
being installed. Deeper in the brickwork 
Chromel-Alumel couples can be used, with- 
out protection except for insulators cover- 
ing the two wires. Where possible, the 
couples are bent at right angles in order to 
run for a few inches parallel to an iso- 
thermal surface, in order to eliminate the 
error due to thermal conduction by the 
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wire, an error which may be considerable 
where the temperature gradient is steep. 
(Fig 18.) The couples are connected to 
multiple-point recorders, and an_ inde- 
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nearer the hot surface (Fig 19). The most 


time of the heats, although corresponding 
fluctuations do not appear at higher levels, — 
likely explanation is that these fluctuations 

: 
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Fic 18—VERTICAL SECTION SHOWING ARRANGEMENT OF THERMOCOUPLES FOR MEASURING THE 
TEMPERATURE IN AN OPEN-HEARTH FURNACE BOTTOM. 


pendent record is kept of the time of 
events in the operation of the furnace. 

Fig 19, showing the temperatures during 
and after the burning-in of a new bottom, 
will serve to illustrate some of the results 
of a study of this kind. Note the abrupt 
permanent fall in temperature at the be- 
ginning of regular operations of charging 
and steelmaking, due probably to absorp- 
tion of heat by the cold materials, whose 
effect is never subsequently overcome 
because of the continuing downward flow of 
heat. An unexpected result was the appear- 
ance, deep in the brickwork, of periodic 
fluctuations of temperature that match the 


are connected with the rise and fall of the 
boundary of a mass of gas, perhaps carbon 
monoxide, evolved by the steel and slowly 
burning as air diffuses upward and carbon 
dioxide downward. 

A few observations of the hearth surface 
temperature during operation have been 
obtained incidentally to the study of bath 
temperature, by taking readings with the 
protecting tube of the platinum thermo- 
couple resting on the hearth. The maximum 
under these circumstances has been 1605°C. 
After tapping and before recharging the 
furnace the surface may reach 1650°C. Its 
minimum during operation must frequently 
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be below goo°C, because undissociated 
limestone (CaCO), whose dissociation 
pressure reaches one atmosphere at 897°C, 
lies in contact with the hearth for some 
time after the bath appears completely 
molten and covered with slag. 


The Regenerators 


Producer gas has so nearly disappeared 
from today’s steelmaking plant that the 
two separate regenerator chambers, one for 
preheating the producer gas and one for 
preheating air, are now either replaced by 
a single chamber with a single arched roof, 
or they are used in parallel, both accessible 
to the same waste gas or air flow. This 
feature of the design does not, however, 
assure that the temperature will be dis- 
tributed in accordance with the symmetry 
of the chambers. 

Each regenerator chamber, for construc- 
tional reasons, is rectangular. The heat- 
absorbing checkerwork is built up of brick 
in a variety of designs, the entire mass rest- 
ing upon a series of rider walls that form a 
set of flues beneath the checkerwork, while 
a clear head-room is left above it. At an 
infinitesimally slow rate of flow, either gas 
or air should distribute itself uniformly 
through all the vertical passages of the 
checkerwork, and the temperature over any 
horizontal plane should be uniform, though 
changing continuously with time. Actual 
conditions of flow lead to unsymmetrical 
distribution of gas or air and consequent 
unsymmetrical isothermal surfaces. The 
dissymmetry changes gradually as dust 
collects and clogs the passages that have 
been carrying the largest volume. Tem- 
perature distribution in the checkerwork is 
therefore extremely complex, undergoing 
cycles as follows: (1) the gas and air cycle, 
ro to 20 min long; (2) the furnace cycle, 4 
to 12 hr long; (3) the cleaning or dust- 
blowing cycle, 1 to 30 days long. 

Pyrometry of the checkerwork is pri- 
marily for protection, secondarily as a con- 
trol for efficient. reversal of the furnace. 


OPEN-HEARTH FURNACE 


Reversal may be either by automatic con- 
trol, or manually on a signal given by the 
pyrometers. , 
Protection is necessary because -fireclay 
brick is almost universally used for the 
checkerwork, and such brick begins to 
soften and deform at a temperature which 
may be as low as 1175°C or as high as 
1480°C depending upon the quality of the 
brick, but is in all cases lower than the 
temperature of about 1550°C which is 
easily attained if the furnace gases are 
allowed to flow uninterruptedly through 
one regenerator chamber. The iron oxide 
dust, furthermore, reacts with fireclay to 
form a liquid at a temperature as low as 
1075°C. There must be some assurance, 
therefore, that the furnace is reversed be- 
fore the hottest part of the checkerwork 
becomes overheated and damaged. 
Obviously, the right temperature to 
measure for the sake of protecting the 
checkers is the temperature of this hottest 
spot. This is also the temperature best 


suited to control reversals, because of its ~ 


sensitive response to changing conditions 
in the furnace. As a rule, the highest tem- 
perature is attained by the top course of 
bricks on that part of the checkerwork that 
is nearest the furnace. Larsen and Shenk!® 
found that this temperature can be satis- 
factorily measured by either a _photo- 
electric (Photronic) pyrometer or a total 
radiation pyrometer, sighted across the top 
of the checkers from the bulkhead of the 
regenerator chamber. The pyrometer can 
also be sighted through a side wall of the 
chamber. 

The maximum at the hottest point in the 
checkerwork is usually about 1o00°C 
(1800°F). 1300°C (2400°F) is occasionally 
found and can perhaps be endured for a 
campaign, particularly if the upper courses 


are of high-heat-duty or super-duty fireclay _ 


brick. The hottest that we have observed in 
a furnace with silica roof is about 1375°C. 
In an all-basic furnace, burning more fuel 
and delivering gases for at least a part of 


ROBERT B. 


the time at a higher temperature than the 
silica furnace, the top checker brick have 
reached 1450°C. Such a temperature calls 
for either silica or basic brick for the top 
courses. 

The minimum top temperature with 
efficient operation may be as low as 800°C 
A minimum of 750°C has been observed. 

The usual range of the instrumental 
temperature scale for the hottest part of 
the checkerwork, as set up in an automatic 
reversal mechanism of Larsen and Shenk’s 
design,!® is 650-1400°C or 1200-2600°F. 

It is worth noting that a high tempera- 
ture in the regenerators is not synonymous 
with efficient operation of the furnace; the 
optimum for a given furnace, so far as 
utilization of the heat is concerned, may 


_be an intermediate, rather than a high, 


maximum. 

Automatic reversal of the furnace can be 
based on various functions of temperature, 
time, and temperature difference. This is a 
large subject in itself, which I can only 
mention in passing, with the further re- 
mark that the temperature on which it is 


based can also be, and frequently is, meas- 


ured by means of base-metal thermocouples 
in various places in the chamber. The dis- 
advantages of the thermocouple in this 
service are (1) that it cannot be used eco- 
nomically at the hottest part of the checker- 


work, and (2) that it reads a compromise 


“a 
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temperature which is influenced partly 


by the passing gas or air and partly by the 
nearest bricks. 


Tue GASES 


Accurate pyrometry of air and furnace 


gases is one of the most difficult of ther- 


mometric measurements.‘ The gas is usu- 


ally transparent, hence emits no visible 


light by which to judge its temperature. 


Its heat radiation is highly selective, de- 
pendent upon the percentage of carbon 
_ dioxide and water as well as upon the depth 


of the radiating mass, hence’ the radiation 
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pyrometer is useless. The contact (thermo- 
electric) method gives incorrect results 
because the thermometer may be as much 
influenced by radiation to and from its sur- 
roundings as it is by the temperature of the 
enveloping gas. Some form of suction 
pyrometer must therefore be used, the 
thermocouple being protected against radi- 
ation by a relatively nonconducting en- 
velope, while a sample of the gas is drawn 
continuously past it to bring it up to the gas 
temperature. The whole apparatus should 
be of low heat capacity to favor accuracy 
when the gas temperature is changing 
rapidly.”? 

Pyrometry of the furnace gases is conse- 
quently a research job, intended primarily 
to secure new information. I know of no 
furnace where it has been attempted for 
protection or control. 

The effects of furnace leakage on tem- 
perature deserve a passing mention. In- 
filtration of cold air, through doors and 
through leaky regenerators and flues, might 
logically be expected to lead to cooler exit 
gases and cooler regenerators. Precisely the 
opposite is the usual effect. It must be 
remembered that we are not operating the 
furnace just to burn up oil or gas; we are 
trying to melt scrap and make steel, and 
the furnace has a job to do. If a leaky 
furnace leads to inefficient operation and 
greater waste of heat units, more fuel has 
to be burned and-everything tends to run 
hotter. Sweeping statements like this must 
be made with caution, however; I know of 
several cases where stopping the air leak- 
age slowed down the furnace instead of 
improving it. The answer, obviously, is to 
look more carefully into the conditions of 
combustion in such furnaces. 

Fig 20 shows typical temperatures of 
gases in the downtakes and regenerators of 
an open-hearth furnace preheating both air 
and producer gas.”! The figure was selected 
to illustrate the large difference that can 
exist between the simple thermocouple 
reading and the true temperature. 
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THE FLAME 


The complex of temperatures that char- 
acterizes the flame is the complex most 
difficult to analyze in the entire furnace. 
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TEMPERATURES IN THE OPEN-HEARTH FURNACE 


of vitreous silica when hydrogen and 


- oxygen are combining on its surface.”* Such 


radiation from flames is rendered probable — 
by such facts as the “flame luminescence” 


Time 


A- Flow pyromeler, air flue 
B- Thermocouple, +« * 

C- Flow pyromeler, air checkers 
D- Thermocouple, ” 
E- End wall, optical 


REGENERATORS OF AN OPEN-HEARTH FURNACE. (A. SCHACK (1929)) 


The problem is an inextricable mixture of 
the physics of radiation and the chemistry 
of combustion. As a field for research I 
believe it holds the best promise for 
returns in the improvement of the open- 
hearth process. 

The temperature of an object in a steady 
thermal state, whether of heat storage or 
heat flow, is a relatively simple concept. 
The temperature is a measure of the mean 
energy of unsystematic molecular and 
atomic motion. The temperature of a flame 
cannot be so easily defined because the 
molecules in the flame are in process of 
reacting to form new molecules, with release 
of chemical energy. While most of this 
energy quickly becomes thermal energy, 
some of it can be converted directly into 


‘radiant energy without passing through 


the thermal stage characterized by irregular 
vibration. The general occurrence of such 


t 
£ 
; 
M- Flow pyromeler, gas flue 
N- Phatidceed le, - hah 
O- Flow pyromefer, gas ¢ ers 
f ip la Thermocouple, 2, ° 
Fic 20—TEMPERATURE OF GASES AS READ BY A SUCTION PYROMETER IN THE DOWN-TAKES AND 
radiation has a color and spectral distribu- 


tion quite unrelated to the temperature of 
the water vapor produced or to the tem- 
perature of the surface. 

Professor Hottel, however, who knows 
much more about the subject than I, con- 
siders that the non-thermal radiation from 
a hydrocarbon flame, if it can be detected 
at all, is a minor factor in the energy 
transfer. In his view, the subject can be 
handled satisfactorily on the basis of -the 
principles of emission and absorption by 
gases and suspended solids, provided we 
can measure the temperature of the carbon 
particles in the flame and the temperature 
of the carbon dioxide and water vapor pro- 
duced by combustion. 

A simple calculation from the heat of 
combustion of the fuel and the heat capac- 
ity of the gases concerned will give the 
maximum average ‘flame temperature. 
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Many such calculated temperatures can be 
found in the textbooks and in papers on 
combustion. Step reactions, however, as 
well as local concentrations of reacting con- 
stituents, are quite capable of yielding 
temperatures that are momentarily higher. 

The temperature of the flame and the 
gases is so closely bound up with the prob- 
lem of heat transfer from the source to 
the work that I wish to comment on one 
important aspect of the problem, con- 
cerned with surface temperatures, namely: 
the geometry of the furnace. To simplify 
the statement, let us picture a perfectly 
insulated operating open-hearth furnace, 
including regenerators, flues and stack. 
Let us suddenly close the valves on the 
incoming fuel and air, and plunge the whole 
thing, stack and all, into a perfect vacuum. 
The furnace will still continue to lose heat 
out the top of the stack, by radiation. The 
bath will radiate to the port roof, the port 
roof to the endwall, the endwall into the 
checkerwork, the checker brick surfaces 
‘into the flue, the flue to the inside of 
the stack, the inner surface of the stack, 
finally, to the universe. Each of these 
absorbing and emitting surfaces has be- 
hind it a material with a finite heat 
capacity, so it will take a little time to set 
up anything approaching a steady state of 
radiant flow, but radiation will inevitably 
~ drain the heat out of this perfectly insulated 
_ furnace through the only remaining open- 
ing. It is true that radiant heat energy is 
transferred with the speed of light, 186,000 

miles per sec, but only in straight lines. 
_ What counts, then, is how many unin- 
terrupted straight lines can you draw 
inside your furnace, and what points do 
they connect? While drawing these straight 
_ lines, remember also that specular reflec- 
tion constitutes a straight path, as far as 
radiant energy is concerned. 

In the actual, poorly insulated, furnace, 
the succession of absorbing and emitting 
walls has not only a heat capacity, but also 
a conductivity whereby some of the ab- 


sorbed radiant energy reaches the outside 
world without being re-emitted. Further- 
more, the masses of gas in the furnace are 
rather opaque to certain wave-lengths 
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Fic 21—EFFECT OF ABSORBING AND RE- 
RADIATING WALLS ON THE RADIANT HEAT 
TRANSFER BETWEEN PARALLEL PLANE SUR- 
FACES OF EQUAL AREA, DIRECTLY OPPOSED. 
(H. C. Hottet, (1930).) Curves C AND D ARE 
MORE EXACT REPRESENTATIONS OF THE RADI- 
ATION FACTOR THAN THE CURVES ORIGINALLY 
PUBLISHED IN 1930. (PERSONAL COMMUNICA- 
TION FROM PROFESSOR HOTTEL.) 


A: direct radiation between disks 

B: direct radiation between rectangles, with 
ratio of sides 2:1 : 

C: total radiation between discs connected 
by non-conducting but reradiating walls 

D: total radiation between 2:1 rectangles 
pe by non-conducting but reradiatin 
walls f 


characteristic of COz and H.,O; and the 
flame itself, if luminous with carbon par- 
ticles, stops a considerable ffaction of the 
spectrum though not all. The importance 
of straight-line radiation as a factor in 
temperature distribution, nevertheless, re- 
mains. Basically, it is a problem in geom- 
etry and topology, not physics. 

The chemical engineers and the power 
engineers have gone deeper into this prob- 
lem than the builders and users of metal- 
lurgical furnaces. Professor H. C. Hottel 
and collaborators at the Massachusetts 
Institute of Technology have published a 
series of papers on the subject, from which 
I take Fig 21 and 22 as easily understood 
examples. . 

Fig 21 illustrates how radically the con- 
ditions of heat transfer can be altered by 
absorption and reradiation. The ordinate 
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for curves C and D is the calculated value 
of the geometrical factor F in the formula: 


a AFo(Ti4 — T24) 


in which q is the rate of heat transfer in a 
system of black surfaces, A is the area of 
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TEMPERATURES IN THE OPEN-HEARTH FURNACE 


that can be used for their measurement, 
will have given you a picture that can be 
useful to you in developing more efficient 
control of the process, a goal toward which 
all of us, as technical men, must direct our 
best effort. 
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Fic 22—CALCULATED AND MEASURED DISTRIBUTION OF TEMPERATURE OVER THE SURFACE OF A 
CYLINDRICAL OPENING IN A FURNACE WALL. (HOTTEL AND KELLER(1932)) 


Temperature of inner surface of furnace wall, 1238°C. 
Diameter of opening, 50.2 pct of wall thickness. 


one of the two surfaces, F is a factor allow- 
ing for the geometry of the system, a is the 
Stefan-Boltzmann constant of radiation, 
and 7; and T» are the absolute tempera- 
tures of the surfaces. When the system is 
not black and the heat source and heat sink 
have emissivities less than unity, the for- 
mulas become more complex. 

Fig 22 shows that the geometrical deduc- 
tions represent real facts as to temperature 
distribution.1® The curve of superficial 
temperature inside a round hole in a fur- 
nace wall, as measured with thermocouples, 
agrees closely, both in position and form, 
with the curve derived from considerations 
similar to those represented in Fig 21. 

I trust that this hasty review of the 
temperatures found in the open-hearth 
furnace, together with the reasons why 
they are measured and some of the methods 


TABLE 2—Fahrenheit Equivalent of Every 
Centigrade Temperature Named in the 


Lecture ‘ 
Degrees Degrees Degrees 
Cc F Cc F Cc F 
200 392 1238 2260 1635 2077 
275 527 1250 2282 1650 3002 
480 806 1300 2372 1657 3015 
510 950 1375 2507 1660 3020 
600 Ill2 1400 2552 1665 3029 
650 1202 1425 25907 1675 3047 
700 1202 1430 2606 1680 3056 
750 1382 1450 2642 1688 3070 
800 xA73 1480 2696 1700 3002 
807 1647 1500 2732 1728 3142 
900 1652 1524 2775 1750 3182 
1000 1832 1535 2795 1760 3200 
1075 1967 1550 2822 1800 3272 
IIIo 2030 1585 2885 1900 3452 
1130 2066 1600 2012 2135 3877 
1175 2147 1605 2921 2180 3956 
1200 2192 1613 2935 2800 5072 
1620 2948 
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Direct Oxidation in the Basic Open Hearth Process 


By Epwarp B. HucHes* AND FRANK G. Norris* MEMBER AIME 
(New York Meeting, February, 1948) 


Ox1DATION is characteristic of all proc- 
esses for making steel from pig iron. This 
thought has been aptly expressed by H. W. 
Graham!’ in the recent Howe Memorial 
Lecture, ‘‘The process of steel-making 
consists of using iron oxide to reduce the 
carbon content of the pig iron to the desired 
level.” 

Direct oxidation refers to the reaction 
that results from introducing oxygen either 
alone or mixed with other gases directly 
into the steel bath. 

In working a heat, oxygen in some form is 
added to the steel to remove the undesir- 
able constituents as oxides. There are two 
general methods of supplying this oxygen 
to the open hearth bath. The method in 
which the oxygen is added as a compound 
such as CO, or iron ore is designated an 
indirect method because the steel bath 
must first decompose the compound to 
attain oxygen in a usable form. The other 
method in which oxygen is added to the 
bath in the elemental or gaseous form, more 
or less diluted by other gases such as 
nitrogen, is a direct method because no 
decomposition is necessary before the 
oxygen reacts with iron to form FeO which 
is dissolved in the bath in a usable form. 
Bubble formation (at least of a macroscopic 
size) presents no problem in case of direct 
oxidation because the reacting agent 
(oxygen) is in the form of bubbles when 
entering the metal. 

Regardless of whether oxygen is intro- 


Manuscript received at the office of the 
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duced into the bath directly or indirectly, 
several reactions proceed concurrently. 
In the presence of the bath of molten iron, 
FeO is formed either by oxidation of iron 
by oxygen or reduction of oxides by iron. 
This FeO dissolved in the molten iron is the 
source of oxygen for the oxidation of man- 
ganese, carbon, silicon, and phosphorus if 
these are present. The oxidation of carbon 
from steel is the controlling steelmaking 
reaction. 

The introduction of oxygen into the bath, 
its reaction in the elimination of impurities, 
and its control by the use of de-oxidizing 
additions have been subjects of importance 
since steel was first made by the bessemer 
process. Direct oxidation is, in a sense, an 
application of the bessemer principle to the 
open hearth process. 

Graham! states: “The use of oxygen or 
air jets introduced into the metal bath is 
essentially an effort to approach in the open 
hearth the turbulence, rapid interface reac- 
tion, and high production rate per hour that 
exists in the bessemer process.” 

The general subject, ““Oxygen in Steel- 
making,” was given new life by the studies 
of Herty and associates starting abouti925. 
The current interest in elemental oxygen is 
intimately related to the large scale produc- 
tion of oxygen developed during the war 
period. Some of the first applications were 
made during the early summer of 1946 at 


_ the Steel Co. of Canada using oxygen with 
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the fuel. Such a use is of considerable in- 
terest and importance in contributing to 
faster heats but is not the subject of the 
present discussion which deals entirely with © 
the introduction of elemental oxygen 
directly into the open hearth bath. — 


EDWARD B, HUGHES AND FRANK G. NORRIS 


A recent article!* reviewing the current 
status of experiments with direct oxidation 
cites the following conclusions: 1. Higher 
grade refractories are needed. 2. Oxygen must 
be cheaper in price. 3. Fumes and dust must 
be overcome. There are certain operating 
conditions which support each of these 
three conclusions either separately or as a 
group. In substance, these conclusions 
infer that direct oxidation is interesting 
experimentally and may prove practical in 
the future but not now. One of the pur- 
poses of this report is to show what can be 
done with furnaces built of the usual brick 


and with oxygen at a cost of $3.35 per 


1000 cu ft. By selection of the proper stage 
of the heat for the direct oxidation and 
amount of oxygen used, the process is 
economical from the standpoint of oxygen 
and refractories and without the production 
of undue fumes. In many heats the fumes 
are no greater than those which accompany 
the melting of the usual scrap charge. 


DESCRIPTION OF PRACTICE 


The shop in which all of the present work 
was done has 11 open hearth furnaces 
39.5 X 16.5 and 38 in. deep, tapping 160 
tons, and fired with fuel oil. 

The usual charge is 44 pct hot metal, 
54 pct scrap, and 2 pct cold iron comprised 


_ mainly of ladle skulls. Sintered ore is 
charged with the heat. The flux charge is 


135 lb of limestone per ton of ingots. 
The commonest method of introduction 


of oxygen is with a 34 in. standard pipe 


with a line pressure of 100 Ib and about 
75 Ib at the discharge, resulting in a rate of 


s flow of 500 cfm. The oxygen is 99.5 pct O. 


No protection is used on the pipe. 
The preferred depth of immersion is 


6-10 in. From one to fourteen 20-ft lengths 
__ of pipe are used per heat. 


The usual set-up using a special buggy to 


s support and feed the pipe is one man at the 


furnace and one man at the line valve. 
When the buggy was not used, two to three 


men were needed to hold the hose and pipe. 
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The safety precaution is to clean the oil 
from the pipes before use and to avoid 
greasy gloves in handling the pipe before or 
during blowing. 

The total time of oxygen flow for a heat 
is from 5 to 6 min. for one pipe up to 50 min. 
for several pipes. The overall elapsed time 
from start to finish of direct oxidation is 
from 5 min. to 3% hr. In the latter case 
direct oxidation is supplemented by addi- 
tions of ore. 

> The average carbon at melt is 0.30 pct 
and the average carbon at tap is 0.078 pct. 
Direct oxidation is used on all grades of 
0.08 pct C and below. From Sept. 1, 1946 to 
Oct. 31, 1947, Oxygen was introduced 
directly into the bath in 3899 heats. The 
recent monthly consumption of the shop is 
from 2,800,000 to 3,100,000 cu ft which is 
an average of sooo cu ft per heat or 37 to 
42 cu ft per ton. If more than this amount is 
used on some heats, other heats must be 
made with none. In fact, this distribution 
has been the immediate solution to the 
problem. 


OBJECTIVES OF DrrEcT OXIDATION 


There are five ‘general objectives that 
can be made the basis of allotting a limited 
supply of oxygen among heats. 1. To 
eliminate as much carbon as possible. 
2. To replace as much ore as possible. 
3. To replace as much cold iron as possible. 
4. To make as fast heats as possible. 5. To 
make heats as economically as possible. 

1. The effectiveness of direct oxidation in 
eliminating carbon is sometimes evaluated 
in terms of cubic feet of oxygen per point of 
carbon drop per ton. The way to make this 
figure as low as possible is to use no oxygen. 
There is some elimination of carbon, and 
because no oxygen is used the figure is zero. 
This same type of error is involved if a low 
rate of oxygen supply is compared with a 
faster rate. Direct oxidation at a low rate 
has a tendency to give less consumption 
per point of carbon. ; 

2, If the objective is to replace as much 


. 
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ore as possible, direct oxidation will be 
started early in the heat. 

3. If the objective is to replace cold pig 
iron, the limited supply of oxygen available 
for direct oxidation will be used to raise the 
temperature of the bath and the carbon 
eliminated will be incidental. Such a 
program may be an alternative to heavy 
skull losses if cold iron is unavailable. 

4. If the objective is to make as fast 
heats or the greatest production in a given 
period, the effect of carbon content on the 
rate of elimination under conditions of 
direct and indirect oxidation must be con- 
sidered. The time saved by direct oxidation 
below 0.06 pct C is very great as shown by 
comparing the rate of carbon drop with 
direct and indirect oxidation. A comparison 
considering only oxygen consumption is 
unfavorable if the heat is blown to a low 
carbon content. The saving is in heat time 
because 0.03 to 0.04 pct C can be made by 
direct oxidation in about the same time as 
0.08 or 0.10 pct C could be made by indirect 
sources of oxygen. 

The saving of time is based on a com- 
parison of the time of heat using direct 
oxidation with the time expected if that 
particular heat had been worked by con- 
ventional (indirect) methods. On a fast 
furnace it is more difficult to improve the 
heat time than on a slow furnace. 

5. From an economical standpoint, the 
cost of all materials, the saving of fuel 
resulting from faster heats, from reduced 
fuel made possible by higher temperature, 
the differences in yield, and the value of in- 
creased production must all be considered. 
The proper balance will change as costs 
change from month to month. If separate 
costs were kept on individual furnaces or 
by grades, the difference in operating cost 
per furnace hour would be a basis for dis- 
patching the oxygen supply among the 
different furnaces of the shop. If an un- 
limited supply of feed ore, cold iron, and 
oxygen were available for use in working 
heats, allocation by grades and furnaces 


and stage of the heat could be based en- 
tirely on the economic factors. 


DETERMINATION OF RATE OF CARBON 
ELIMINATION 


Two series of heats were studied with 
special attention given to the practice used 
during refining. The heats were grouped 


according to whether oxygen was used at 


least partly for direct oxidation or ore for 
indirect oxidation. The change in carbon 
content with time for each method of 
oxidation is shown in Fig 1 entitled Carbon 
Elimination. 

An accurate time of sample and carbon 
content was taken on each heat followed 
and a plot made of the data from each heat. 
The first sample was not at exactly the 
same carbon content on each heat. The 
curves were superimposed with reference to 
a common base point. The average is 
shown by the solid line and the spread of 
the observations by the shaded area. 

The shaded areas about each curve show 
a tendency to diverge from the line and 
then converge so the end carbon is reached 
in about the same time for each heat. If the 
curve for a particular heat flattens out or 
the carbon hangs at some particular point, 
eventually the drop is faster than usual so 
that the given end point is reached in about 
the expected time. Conversely if there is 
rapid drop at the higher carbon contents, 
there is a tendency for a retarded drop 
later so that over a sufficiently extended 
range of carbon there is only a small differ- 
ence in the time required for carbon elimi- 
nation between two given values. 

The rate for carbon elimination is defined 


as dc/dt or the slope of the carbon elimina- 


tion curve. This value is not the same as 
that obtained by taking the carbon differ- 
ence between two samples divided by the 
time interval between them. 

Fig 2 shows the rate of carbon elimina- 


_tion plotted against carbon content for 


conditions of direct and indirect oxidation. 
Both scales are logarithmic. For direct 


i 
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oxidation, the logarithm of the carbon drop 
is proportional to the logarithm of the 
carbon content from 0.20 to 0.03 pct carbon 
with the equation: Log dc/dt = 1.727 log C 


carbon for heats that are worked to lower 
values so that the true rate at 0.09 to 
0.05 pct C can be determined from the 
carbon drop curve. 


% CARBON 


SRns O° 


[-Te) 


Fic 1—CARBON ELIMINATION. 


— 2.137 — where dc/dt is carbon drop 
measured in points of carbon per min. and 

C is points of carbon, in other words 0.25 pct 
carbon is 25 points. 

The points that are obviously not on this 
‘line can be explained by operating condi- 
tions. The line represents normal carbon 
drop during the period of direct oxidation. 
The point 0.25 pct C and two points at 

0.05 and 0.06 pct C were taken at the 

beginning of the blow and are not expected 
to represent conditions prevailing during 
“the blowing period. 

_ The lower rate at 0.15 pct C is believed 
to be caused by a general tendency to 
reduce the driving of the furnace for heats 
that will finish about 0.10 pct carbon 
‘rather than indicating that the true rela- 
tion is semi-logarithmic. This view is sup- 
ported (though of course not proved) by the 
Sig log relation existing below 0.09 pct 


On this same chart are plotted the points 
for conditions of indirect oxidation. There 
is a linear relation between the two loga- 
rithms from 0.45 to 0.20 pct carbon and 
from 0.08 to 0.03 pct carbon. The relation 
for the line from 0.45 to 0.20 pct carbon, is 
expressed by the formula — Log dc/di 
= 0.7884 log C — 1.3665; and that from 
0.08 to 0.03 pct carbon by the formula 
— Log dc/dt.= 3.904 log C — 4.327. 

These equations in integrated form show 


carbon as a function of time — C = 
ps 


[es(x — b)i]t-* which is a mathematical 
expression of the relation shown in Fig 1. 

The relation between carbon content and 
rate of elimination (Fig 2) is simple and 
straightforward and is based on carbon 
analysis only. It does not involve deter- 
mination of other elements in the bath 
such as manganese or oxygen.. The genera] 
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tendency for both carbon and manganese to given conditions and is not of general 


be high early in the heat and to be elimi- 
nated more or less together leads to attempts 
to correlate the two. For uniform condi- 
tions this relation may be more or less 
satisfactory. Residual manganese can be 
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application. 


CONTROL OF CARBON. ELIMINATION 


There are several well recognized sources’ 


of oxygen in the open hearth process, such 


RATE OF CARBON DROP POINTS PER MIN. 


LI 


LO 


Ai 
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CARBON —- PERCENT 
Fic 2—RELATION BETWEEN CARBON DROP AND CARBON CONTENT. 


varied by changes in basicity, total man- 
ganese in the charge, and other factors 
which have no direct effect on the carbon 
content; therefore the relation between 
carbon and manganese is a special one for 


as the CO, formed by the calcination of 
limestone, the oxidizing atmosphere acting 
directly on the unmelted scrap and on the 
slag at later stages of the heat: For a given 
practice (including lime charge, proportion 


. 


: 


: 
: 
; 
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of hot metal, type of fuel) these sources of 
oxygen are considered approximately con- 
stant from heat to heat and the chief 
control of carbon elimination at the dis- 
posal of the operator is the amount of feed 
ore. Thus in the ordinary working of a heat 
by indirect oxidation, the rate of carbon 
drop is controlled by the first helper who is 
guided and limited by the desired carbon 
at the finish of the heat and by the tem- 
perature requirements or heat input of his 
particular furnace. The rate of carbon 
elimination usually proceeds as a series of 
steps or peaks, being very high immediately 
after an ore addition. These peaks, of 
course, are not disclosed by the usual 
study of a heat because samples are never 
taken immediately after an ore addition. 
In these conditions the carbon drop is 
primarily a function of the time since the 
last ore addition. Arbitrary limitations 
such as the lapse of a given period of time 
or the judgment of the samples as to when 
ore has worked through or when a steady 
state has been reached would tend to give 
samples showing a more nearly constant 
rate of carbon drop than actually prevails. 
All of these conditions are present and 
must be considered in estimating the effect 
of the oxygen introduced into the bath 
during periods of direct oxidation. 

~ Several characteristic differences also 
become apparent. Oxygen is available in 
a continuous supply. The bath can be 
sampled at any time desired. The rate 
‘of carbon drop is an index of the rate at 
which the steel bath will accept oxygen. 


(CHEMICAL RELATION BETWEEN CARBON 
AND OXYGEN 


After the reaction has occurred, the 
amount of oxygen that has reacted is 
readily computed. The answer is not the 
same as the oxygen required to cause the 
Teaction to proceed, and failure to dis- 

inguish between the two leads to confusion. 
a If all of the carbon is oxidized to CO, 


3.2 cu ft of gaseous oxygen is sufficient to 
react with o.2 lb of carbon. 


6 
(0.2 X = = 0.267 lb oxygen 


0.267 


Boks = 3.2°Cu it) 


Two tenths of a pound is selected because 
this amount is one point of carbon per ton. 
Any COz2 formed will increase the amount 
of oxygen required. If 10 pct of the carbon 
is oxidized to CO, the value 3.2 cu ft is 
increased to 3.25 cu ft. 5 

To eliminate 0.01 pct carbon requires 
3.25 cu ft of oxygen per ton of steel. For a 
160 ton bath, 520 cu ft are required per 
point of carbon. 500 cfm is sufficient oxygen 
to eliminate carbon from a 160 ton bath 
at the rate of 0.0096 pct per min. Fig 2 
shows that at 0.17 pct carbon the rate of 
elimination by direct oxidation is 0.96 
points per minute. Above this carbon con- 
tent, carbon is being eliminated faster than 
oxygen is being supplied by the lance. The 
physical effects of direct oxidation such as 
agitation are clearly in evidence at this 
range of carbon and contribute to tHe 
faster carbon drop. The oxidizing slag is 
needed chemically to supply the oxygen. 
Dumping ore or other indirect sources are 
not in themselves enough. The fast rates 
above 0.17 pct carbon (and probably to a 
lesser extent at lower carbon content) 
result from the combined chemical and 
physical effects of direct oxidation and the 
chemical effect of indirect oxidation. 

A similar calculation shows that the 
elimination of one point of carbon per ton 
consumes the oxygen contained in 1.035 
or 1.135 tb of ore, the exact amount 
depending on the amount of CO, formed. 

‘Translated into terms of shop practice 
for 160 ton heats and boxes containing 
4400 lb of ore, one box of ors contains 
sufficient oxygen to eliminate , 27. or 24 
points of carbon. Early in the heat this is 
about the carbon drop that results from a 
box of ore. At low carbon content the drop 
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is much less. This same decrease of carbon 
drop at low carbon content is found in 
heats made by direct oxidation. 


EFFICIENCY OF DIRECT OXIDATION 


The chemical relationship between 
amount of oxygen and points of carbon 
removed immediately invites a computa- 
tion of efficiency based on the cubic feet 
of oxygen per point of carbon removed 
from the bath. Such computation is un- 
satisfactory because it leads to a variation 
of efficiency which is roughly proportional 
to the carbon content of the bath at the 
start of oxidation. In oxidizing the carbon 
from 1.00 to 0.90 pct, the oxygen con- 
sumption per point of carbon per ton of 
bath is 1 to 2 cu ft; from 0.25 to 0.10 pet C 
the consumption is 3 to 3.5 cu ft; from 
0.10 to 0.05 pct it is about 15 cu ft; and 
below 0.05 pct it is 40 to 60 cu ft, the 
variation depending on the condition of 
the slag at start of oxidation. 

These data are in general agreement with 
the findings of Slottman and Lounsberry® 
who, in discussion of direct oxidation, state: 
“In carbon ranges above 0.40 pct, oxygen 
added directly to the bath reacts almost 
quantitatively with carbon and other alloy- 
ing elements. With carbon contents below 
0.25 the decarburizing efficiency of oxygen 
diminishes rapidly.” 

Because of the importance of carbon con- 
tent as a guide to the progress of the re- 
fining process, it is sometimes used as a 
measure of the efficiency of the oxidation. 
This comparison is a convenient short-cut 
that gives reliable results if the conditions 
are approximately equal in the two proc- 
esses or heats that are being-compared. 
When conditions are widely different, such 
as direct or indirect oxidation methods, or 
different initial carbon content, or different 
amounts of other elements in the bath, car- 
bon drop (that is, points per minute) can 
be used as a comparison only when certain 
innate characteristics of the refining pro- 
cedure are known and accounted for. 


If the differences between the shapes of 
the carbon drop curves of direct and indi- 
rect oxidation methods are known, the 
rating method based on the total carbon” 
drop expressed in points of carbon elim- 
inated per minute of oxidation appears less 
inviting. A cursory investigation of a car- 
bon drop curve reveals that the speed of 
carbon removal, either by the direct or 
indirect method, depends on the carbon 
content of the bath. When traveling from 
one point to another, by automobile for 
example, the time necessary for the total 
trip is governed by the top speed of the car 
and the speed limits of the sections through 
which the traveling is done. The speed of 
the automobile at any one point may differ 
greatly from the average or computed speed 
between the two points. This fact must be 
recognized for proper interpretation of the 
point per minute method of rating carbon 
elimination. 

Both of these methods for obtaining a_ 
rating of speed or efficiency take no account 
of the basic principle that a new process 
(direct oxidation) is being investigated to 
determine its potential value as a produc- 
tion tool and that it may partially replace a 
process (indirect oxidation) which has been 
in common use for many years. A method 
for comparing the efficiency of the new 
practice in terms of the old practice is 
proposed. 

With the relation established in Fig 2, an 
expression can be derived for the efficiency 
of carbon elimination based on the speed of 
elimination by indirect oxidation. This rela- 
tion is expressed by the formula— 

Ra — Ri 


Ri 

in which R, is the rate in points per minute 
of direct oxidation and R; is the rate in 
points per minute of indirect oxidation. 

Practical experience has influenced fur- 
nace operators to show a preference for 
starting direct oxidation at 0.15 to 0.10 pet 
carbon. This is in a shop with a definite 
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shortage of hot metal where it is not possi- 
ble to charge heats to melt excessively high. 
With high melts there is an advantage to 
blow the bath at higher carbon contents. 


ored heats, the benefits of direct oxidation 
are most pronounced below 0.08 pct carbon. 


The shop in which the experiments were 


conducted shows a consumption of 150 cu 


Fic 3—RELATION BETWEEN CARBON CONTENT AND THE COMPARATIVE RATE OF DIRECT OXIDATION. 


Fig 3 affords a theoretical explanation of 
this practical observation. This figure 
shows the comparative rate of direct oxida- 
tion as a function of the carbon content. 

“Starting at 0.20 pct carbon there is a linear 
‘decrease in the comparative rate of direct 
oxidation. The relation passes through a 
‘minimum at o.1o pct carbon, has little 
change between 0.10 and 0.08 pct carbon, 
and increases very rapidly below 0.08 pct 
‘carbon. The actual rate of carbon elimina- 
tion of course decreases markedly at the 
lower carbon contents, but compared with 


*% 


4 


4 


ee 
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ft of oxygen per ton of ingots produced with 
a saving of 3 to 5 gal of fuel per ton. The 
limiting factor in the direct oxidation prac- 
tice is the supply of oxygen. As shown in 
Fig 3, the preferred practice with the avail- 
able oxygen is to use ore for carbon elimina- 
tion to near the tapping carbon with final 
elimination of carbon by direct oxidation, 
to use direct oxidation to eliminate carbon 
below 0.08 pct carbon, and to use oxygen to 
replace pig iron or other additions in getting. 
heats to proper tapping temperature. 

The measure of oxygen efficiency with 
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direct oxidation is the ratio of the carbon 
eliminated to the amount that would be 
eliminated by the same amount of oxygen 
added in the form of ore. 

Efficiency, however, is not the only way 
of expressing the benefits of direct oxida- 
tion. If a box of ore is put into a heat, a cer- 
tain time must elapse before further ore can 
be added effectively, this length of time 
depending on the individual furnace. No 
method is readily available to speed the 
reaction. This same furnace, however, will 
react favorably to direct oxidation shortly 
after an ore addition. Direct oxidation can 
be used to replace ore, and it also can be 
used at times when more ore could not be 
added. This is caused partly by increase in 
temperature and partly by agitation. 

The shortening of furnace time is shown 
not by efficiency, but by comparison of car- 
bon drop. The benefits of increased éffi- 
ciency can be estimated in terms of the cost 
of oxygen. The benefits of faster carbon 
drop can be expressed in terms of the cost of 
furnace operation and refractory life. A 
representative figure used several years ago 
is* $60. per hr of furnace time. Using this 
estimate and recent increased costs gives a 
value not far from $75. per hr, or $1.25 per 
min. The difference in minutes for a given 
carbon elimination multiplied by $1.25 
gives the savings earned by faster work and 
can be expressed in terms of cost of oxygen. 
This comparison, of course, makes no as- 
sumption as to the method by which oxy- 
gen is used to save time and applies equally 
to use in direct oxidation or in burners to 
permit more fuel to be burned, or in jets 
to help to melt the scrap. The following 
table shows the furnace time equivalent 


Cost Comparison, 


Price of Oxygen Time Saving Necessary 


to Justify Use of 1000 


$ per 1000 cu ft | $ per ton | C-F- Oxygen (Minutes) 


3-35 80.40 2.68 
0.63 15 0.50 
0.41 10 0.333 
0.21 5 0.166 
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in value to 1000 cu ft of oxygen. This much 
saving in furnace time will just pay for the 
oxygen used. 


THEORY OF CARBON ELIMINATION 


The fundamental process of carbon elim- 
ination has received much study with still 
no general agreement concerning the de- 
tailed mechanism of this reaction. Com- 
parison of the results of direct and indirect 
oxidation may lead to a better understand- 
ing of carbon elimination under both 
conditions. , 

In a recent paper, Kerlie!4 shows an ap- 
proximately linear relation between the 
rate of carbon removal (in the range from 
zero to 0.8 points per min.) and the free 
energy which is stated in terms of the car- 
bon oxygen product. 


Jay'® considers that the reactions take. 


place within a gas phase in the molten steel 
bath and suggests a mechanism based on a 
chain reaction which involves the oxidation 
of all of the CO to COs. This formation of 
CO: (which later is reduced to CO) is stated 
to be the governing factor that determines 
the ultimate speed of carbon removal. 

In view of Marsh’s results, a plot of the 
rate against the logarithm of the carbon 
should be mentioned. For both direct and 
indirect oxidation a linear relation between 
rate and the logarithm of the carbon fits 
the data reasonably well down to about 
0.12 pct C. Below this carbon content there 
is a distinct curvature in the direction to 
give actual rates of elimination higher than 
those that would fit the curve. This de- 
parture from the semilogarithmic relation 
simply means that the rate of elimination 
is never zero even down to 0.03 or 0.04 pct 
C, and that the actual rate approaches 
zero more slowly than required by the 
curve. 

If both scales are logarithmic (Fig 2), this 
difficulty is avoided but there seems to be a 
departure from linearity if the reaction is 
not proceeding as fast as possible. The rate 
should, therefore, be considered as the 
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highest generally prevailing rate, rather 
than the rate which automatically and in- 
variably accompanies a given carbon con- 


tent. All of the large departures from 


R MINUTE. 


RATE POINT CARBON PE 
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interface, in the other instance it diffuses 
from the gas metal interface which is 
beneath the slag surface. The oxygen con- 
tent of the bath is controlled largely by the 


10 l2 14 


PERCENTAGE OF CARBON 
F1G 4— RELATION BETWEEN RATE AND CARBON CONTENT. 


- linearity are below the line, that is, in the 


yh 


direction of too low a rate for a given car- 


- bon content. 


ca 


_ plicity. 


The fact that conditions of indirect 
oxidation require two lines is not entirely 
satisfying from the standpoint of sim- 
Three lines all on alog-log network 


would seem to be more satisfactory than 


ay 


and 


use of a log-log relation for direct oxidation 
a curvelinear relation on a semilog 


scale for indirect oxidation. 


The log-log form of this equation is 
similar to that obtained by Nernst and 


- many later workers on solution rates. It is 


the type expected if the thickness of the 
diffusion layer is decreased by increased 
carbon content. The general similarity of 


the relation for both direct and indirect 


oxidation suggests that the fundamental 


reaction mechanism is the same for the two 
cases. In the one instance, the oxygen dif- 
fuses into the bath from the slag metal 


carbon content. If the oxygen supply were 
the controlling factor, the oxygen content 
of the metal would be high and nearly 
uniform during the period of direct 
oxidation. 

MacKenzie? has summarized previously 
published work (with indirect oxidation) © 
and presents the generally accepted values 
for carbon drop as a function of the oxygen 
and the carbon content. In Fig 7 the ob- 
served rate (dc/dt) for a series of samples 
from direct oxidation heats is plotted 
against the rate computed from the carbon 
and oxygen content by MacKenzie’s equa- 
tion: rate = 1.9 C-O — 0.005. This com- 
puted value is the rate that the observed 
carbon and oxygen content would be ex- 
pected to give with conditions of indirect 
oxidation. The grouping represented by 
lines 1-12 of Fig 7 is selected by the values 
of carbon-oxygen product actually prevail- 
ing rather than by equal intervals. This 
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grouping of points indicates that the rela~ at various stages of the bath under condi- 
tion between the rates with direct and __ tions of indirect oxidation. These relations 
indirect oxidation depends upon the car- are summarized in Table 1. The present 
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bon-oxygen product. At low values of car- Tare 1—Relations among Carbon, Oxygen 


bon-oxygen product, direct oxidation gives and Carbon Drop 
a faster carbon drop, while at high values = 

at fe : . . ee ' Indirect Oxi- Direct Oxi- 
elimination with ore is faster. Carbon elim hates dation Brower | dation ae 
dnation by direct oxidation is evidently . and Larsen | lation Coeff. 
quite different from indirect oxidation as 

: uy . cxo dc/dt | No correl. : 

summarized by MacKenzie’s equation. C ae ao LNG obecnte es: 

Brower and Larsen? have made a thor- te C XO | Some correl. 0.152 


< AO dc/dt —0.396 
ough study of carbon and oxygen relations a 
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_ CARBON OXYGEN PRODUCT 
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study of direct oxidation is’ in substantial 
agreement with most of the relations ob- 
served during the refining period with 
indirect oxidation. Even neglecting the 


ools 


suggests that there is some other controlling 
factor. 

The scatter diagram is shown in Fig 4. 
This figure represents instantaneous rates 
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PERCENTAGE OF CARBON 
Fic 8—EFFECT OF CARBON ON K COMPUTED BY SIMS EQUATION. 


departure from linearity the correlation 
between C and rate is 0.629 for direct 
oxidation. 

A tendency for direct and indirect oxida- 
tion to give equal rates of carbon drop 
would appear as a pattern around the 45° 
line from the origin to the upper right 
corner of Fig 7. Absence of such a pattern 


of individual points and includes the 
periods of lag sometimes observed, Fig 5 
and 6 are the scatter diagrams for the other 
relations summarized in Table 1. The points’ 
on Fig 4, 5, and 6 represent conditions of 
direct oxidation. 

Another discussion of indirect oxidation — 
is that of Sims‘ who has proposed an equa- 


ee Ne RT ATT URN Nees NU CM ee vets 


EDWARD B. HUGHES AND FRANK G. NORRIS 


tion in the form of a carbon-oxygen product 
in which allowance is made for the carbon 
monoxide pressure. When applied to sam- 


ples taken under conditions of direct 
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tion — C X O = 0.0193(+/C — 0.09) and 
plotted in Fig 9 against the carbon-oxygen 
product observed in conditions of direct 
oxidation. The correlation between the two 
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appears as a discontinuous function of the 
carbon content. The cause of the discon- 


_tinuity is apparently related to the group- 


ing of the data in computation of the CO 
pressure. Fig 8 shows a general tendency 
for K (computed from Sims equation) to 
increase with a large increase in carbon 
content with possibly a decrease with 
smaller changes in carbon. . 

The carbon-oxygen product for the 


4 steady state is computed by Sims equa- 


conditions (steady state and direct oxida- 
tion) is 0.265. The carbon-oxygen product 
is more nearly constant for direct oxidation 
than for the steady state as computed by 
the above relation. 

With the exception of 3 points the value 
of carbon oxygen product is from 0.0022 to 
0.0046 or a range of 0.0024. The computed 


‘ values have a range from 0.0018 to 0.0050 


or 0.0032 and show more scatter within this 
range. 

More than half of the computed steady 
state values are lower, but not more than 
0.0015 lower, than the values observed 
with direct oxidation, that is the points lie 
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within the band between the two lines on 

Fig 9. 
With indirect oxidation the carbon elim- 

ination is the chief source of agitation 
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which, therefore, changes with changing 
rates. The CO pressure would thus be ex- 
pected to be more closely related to the 
carbon content than under conditions of 
direct oxidation in which the agitation is 


more nearly independent of the evolution . 


of CO from the elimination of carbon. 


RELATION OF METHOD OF OXIDATION TO 
LADLE SKULL 


The effect of direct oxidation on bath 
temperature can be computed directly 
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from the heats of reaction if simplifying 
assumptions are made concerning radiation 
and other heat losses and the rate of fuel 
supply. If the computed effect does not 


pit Recon 
RNY OD ND OR Bor 


OF Oe Nips 


agree with observed temperatures, the | 


discrepancy is not because of errors in the 
method of computation of the temperature 
effect, but is more likely because the as- 
sumed conditions have not prevailed in 
practice. 

One practical result of the increased tem- 


perature accompanying direct oxidation is — 


decreased ladle skull. 

In Fig 10 a group of 411 heats made by 
indirect oxidation is compared with a group 
of 2154 heats made by direct oxidation. 
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Skulls on heats blown specifically for tem- 
perature and those blown for carbon 
reduction show no appreciable difference 
and therefore these two groups are both 
included in the 2154 direct oxidation heats. 
In other words, the important effect on 
skull is the use of direct oxidation rather 
than the reason for using it. 

During the period that oxygen has been 
available, there has been a general improve- 


ment in skulls not shown by this com- . 


parison. The coldest heats are all in the 
group using direct oxidation which places 
this group at an initial disadvantage. A 
favorable effect would be shown if the two 
groups finished with an equal distribution 
_ of skulls. The actual improvement is even 
greater because the blown heats, though 
starting at a disadvantage, have turned out 
more favorably. 


Process APPLICATION 


Theoretically and actually it is possible 
to replace all feed ore with oxygen fed 
directly into the bath; in other words, to 
- conduct a bessemer or pneumatic process 
in an open hearth furnace. To the extent 
that pig iron or ferro silicon is used to 
_ increase the temperature near the end of 
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there is some evidence of a beneficial effect 
of direct_oxidation on sulphur. Comparison 
of a large number of heats made by each 
practice shows no difference in sulphur re- 
lated to method of oxidation. 

Following is a comparison of groups se- 
lected because of similar specifications and 
time period. These differences are not 
significant. 


Type of Oxidation 


Direct Indirect 
No. Heats Ave. S. No. Heats Ave. S. 
216 0.02901 33 0.0208 
186 0.0319 69 0.0309 
209° 0.0323 38 0.0324 
207 0.0359 85 0.037 
CONCLUSIONS 


Direct oxidation is accompanied by an 
increase in temperature and rate of carbon 
elimination. Both of these effects may be 
managed so as to give faster and more 
effective steel production. 

For given conditions of oxygen supply 
the carbon content governs the possible rate 
of carbon elimination as tabulated below: 


log rate = 1.727 log C—2,.1369 
log rate = 0.7884 log C—1.3665 
log rate = 3.904 log C—4.327 


the heat, it is possible to replace these 
materials with oxygen. With these possi- 
bilities in mind it then becomes necessary 
~ to select the desired or ideal practice. Is 
it economically or otherwise desirable to 
use as much oxygen as possible? In view of 
the limited supply of open hearth feed ore 
and the unlimited ultimate availability of 
the element oxygen, a policy of conserva- 
tion suggests an extended use of direct 
_ oxidation. 


SULPHUR 


On individual heats, or on heats using 
~ more than the average amount of oxygen, 


Whether or not these rates are attained 
depends on conditions of furnace operation. 
In case of direct oxidation the rate of car- 
bon-elimination is considered independent 
of related factors such as carbon-oxygen 
product. 

The decrease in ladle skull accompanying 
direct oxidation is shown by comparison of 
two groups of heats. 

The effect of direct oxidation on sulphur 
elimination is not disclosed by comparison 
of similar groups of heats. In individual 
heats there may be an indirect effect 
related to agitation and faster solution of 
lime. 
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DISCUSSION 
(J. Chipman and C. Taylor presiding) 


J. Cu1rpmMan—I shall open this paper for dis- 
cussion. I might remark, before so doing, that 
another paper will deal with oxygen, but with 
oxygen-enriched blasts. Let us then try to 
divide the discussion of this general subject of 
the use of oxygen along the same lines as the 
paper, namely, the use of oxygen in the bath 
to be discussed now—and reserve the discussion 
of the use of oxygen in flame until after the 
next paper is presented. 


T. S. WaAsHBURN*—The rate of carbon 
drop when oxygen is injected as shown in the 
first or second curve, seems to level off at 0.04 
pct carbon. Did you find that to be the case, or 
did you find that by continuing to inject oxygen 
you could reduce the carbon down to 0.02 or 
even 0.01 pct? 


C. R. TayLtor—We have some evidence 
at our plant to indicate that the rate of carbon 
drop on production heats was in direct propor- 
tion to carbon content rather than being a 
logarithmic relationship, and I was wondering 
whether anyone else has made a similar finding. 


B. M. Larsent—I wonder whether the 
authors considered the possibility that an 
increasing difference between direct and in- 
direct oxidation is probably caused by the 
increasing need for storing up oxygen in the 
slag as the carbon becomes lower in the metal. 
Do the slags with direct oxidation go as high in 
iron oxide for a given carbon content? 


H. W. Jounson{—You mentioned there was 
variation in the rate at which the pipe was 
consumed, I wonder whether from your ex- 
perience you could tell what are the factors that 
make for the longer life of pipes, such as pres- 
sure of oxygen and so forth. 


M. TENENBAUM—I might make some com- 
ment with regard to Dr. Taylor’s remark. We 
find that our rate of carbon drop is fairly con- 
stant over about 40 pct carbon. Below that we 
develop a relationship with the carbon content 
that is roughly linear down to 0.08 pct carbon. 


- * Inland Steel Company. 
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C. E. Smus*—Despite the excellent data in 
this paper, it does not appear logical to make 
a comparison of the rates of oxidation, by the 
two methods, as the authors have done. The 
so-called direct method, which is scarcely more 
direct than by oring, is, of course, much faster 
but it is merely a qualitative relationship. In 
the oring reaction there is a number of factors 
that control the rate of carbon oxidation such 
as, the concentration and availability of iron 
oxide in the slag, the temperature of the bath, 
the condition of the hearth, and the carbon 
content of the bath. The agitation produced by 
the boil is very important in facilitating the in- 
flux of iron oxide necessary to the maintenance 
of the boil. 

With the direct method, there seems to be 
considerable evidence to indicate that the rate 
of carbon drop is merely a function of the rate 
at which oxygen can be introduced. The fact 
that oxygen is introduced as a gas facilitates 
CO evaluation and eliminates this bottleneck. 
One factor which makes the relationship im- 


perfect, is that the oxygen is all put in at one 


place. It cannot diffuse fast enough to prevent 
some of it burning and vaporizing iron. If the 
rate of oxygen input were to be doubled, for 
example if another lance delivering the same 
amount of oxygen were to be introduced at the 
other end of the bath, it could confidently be 


= expected that the rate of carbon drop would be 
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approximately doubled. The relationship re- 
ported applies only to the particular conditions 
studied and cannot be generalized. 


R. A. Ftynn{j—Is there any difference in the 
relative rate of removal of elements, other than 
carbon, comparing the indirect oxidation and 


the direct oxidation processes? For example, 


does the rate of removal of phosphorus differ 
in the processes? 


F. G. Norris (authors’ reply)—These re- 
marks will not be in the nature of a closure; I 
hope the discussion will be such that we will 
have to reserve that for the time when the 
paper is published and we get some written 


discussions. In other words, the subject is still 


wide open (even after the meeting is over). 
First let me mention a little bit about what 


* Battelle Memorial Institute. 
' + American Brake Shoe Company. 


we had in mind in making some of these com- 
parisons. I certainly appreciated the remarks 
Dr. Sims made, because he has done a wonder- 
ful job in summarizing the relations under 
conditions of indirect oxidation. In making 
that comparison with his results as a reference 
point, we did not mean that there was any 
contradiction, necessarily. We just did that for 
purpose of information—to bring out the dif- 
ferent conditions that exist in the bath and 
their effect on C elimination. It looks as if 
maybe with direct oxidation the bath is a little 
bit ahead of what it would be using indirect 
oxidation. 

We know that in general the FeO in the slag 
will be lower when the heat is blown for a given 
rate or for a given point in the bath than it 
would be if that heat were worked with ore. 

Sometimes the statement is made that the 
practical man would have a better understand- 
ing of the technical aspects of his job if he had 
more theory. Usually we have found that the 
man who is thinking about his job has a pretty ~ 
fair understanding of the process and whatever 
else he may lack it is not theory. He has plenty 
of theories to explain whatever happens. They 
are not always couched in scientific terms and 
they do not start from the solution of a differ- 
ential equation, but these theories have the 
merit of being based on observations of the 
process. I could cite instances, familiar to 
most of you, of learned dissertations which 
their authors consider logical and theoretically 
sound written by men who have never seen the 
process they are describing and have never 
been closer to operations than the front 
manager’s office. The writer enjoys the dis- 
tinction of having worked under the super- 
vision of both Dr. Herty and Dr. Chipman, 
the two men who have done more than any 
others of our generation to bring science to the 
open hearth floor. I have also sat at the feet of 


-the man who tapped the first ingot iron heat 


and of the man who first had the courage to risk 
a heat of good steel by adding ferrophosphorus 
when everyone knew that the only way to 
rephosphorize steel was by the addition of beef 
bones to the ladle. Having thus attempted to 
qualify myself as a witness, I would like to say 
that I know of no permanent contradiction 
between theory and practice. Apparent con- 
tradictions are due to: (1) faulty statement of 


- 
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the theory, (2) inadequate understanding of a 
good theory, or (3) inadequate information of 
the practice such as poor data or possibly mis- 
interpretation of good data. 

In the final discussion I shall try to polish 
up the language, but now I want to present the 
furnace man’s theory of diffusion across the 
slag metal interface. In working a heat with ore 
the slag is ahead of the bath. First the slag is 
made, then it makes the boil. The bath isalso 
last to get to temperature. When blowing a 
heat the bath gets ahead of the slag. Instead of 
getting the carbon down and then having to 
get hot, the bath is at proper temperature by 
the time the carbon is down. 

At an A. S. M. meeting in Pittsburgh, Dr. 
Karl Fetters remarked that anyone who had 
trouble these days with phosphorus ought to be 
ashamed to admit it. He meant that present 
theory is adequate regarding the phosphorus 
reaction and the point is well taken. We are in 
more fortunate situation with respect to phos- 
phorus than to any of the other elements, and 
our combination of raw materials and product 
is more favorable than many other shops. We 
do still miss heats (both rephosphorized and 

_ those with a maximum specification) and we 
are willing to admit it for the record. 

Since adopting direct oxidation our iron is 
considerably lower in phosphorus. We have no 
information on the rate of phosphorus elimina- 
tion because our first test is usually low enough. 
Based on this imperfect evidence, we can fore- 
see no difficulty with phosphorus associated 
with direct oxidation. In fact, there may be less 
difficulty because heat and agitation combine 
to make faster solution of lime. 

Of course, all elements are oxidized concur- 
rently. You cannot work a heat and say, “We 
will blow this one for carbon, and this heat for 
temperature, and so forth.”’ We prefer the term 
“direct oxidation” instead of specifying the 
type of gas, saying, “We are using air; nitro- 
gen; artificial air; 95 pct oxygen; or 90 pct 
oxygen.” Except for pure nitrogen, it is all 
direct oxidation. We also found that as long as 
oxygen is in, the bath does not care very much 
how it is done. Either a lance or a jet can be 
used for scrap melting. All kinds of combina- 
tions are possible. 

Will you repeat your question, Mr. Wash- 
burn, on low carbon? 
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T. S. WasupurN—That curve to which I 
referred was asymtotic at about 0.04 pct car- 
bon. This would indicate you did not get below 
0.04 pct carbon by introducing oxygen. 


F. G. Norris—The curve quit at 0.04 pct 
carbon because we do not go lower than that 
on this specification. 


T. S. WasHBurN—I got the impression it — 


was practically flat at 0.04 pct carbon. I am 
talking about the first curve. 


F. G. Norris—That is right. That first 
curve was flattening off at about 0.04 pct car- 
bon. It does for both direct and indirect oxida- 
tion. Of course it flattens out when one gets 
down on the low carbon heats. 

All the way through we have tried to answer 
the question, ‘‘What would have happened to 
that bath if you had not blown it?” You cannot 
give all the credit to direct oxidation simply 
because you are blowing the bath, because there 
would have been some drop without the direct 
oxidation. We tried to erase that as best we 
could by getting information on the two condi- 
tions. Below 3 pct carbon, I rather suspect 
one is going to slow down no matter what one 
does, and time will be gained by using direct 
oxidation compared to what it would be if that 
same thing were done with ore. 

Dr. Taylor says he finds that the rate is 
proportional to carbon content instead of to 
the logarithm of the carbon. If that relation 
would fit our data we certainly would not have 
gone to the trouble of using a logarithmic scale. 
The curve represents full speed operation. This 
is the possibility of the process. If you do not 
operate full speed, the points are below the 
curve. 

We did not get a very good fit at about 
0.25 pct carbon, because we were just getting 
started. On the heats that are made to about 
an 0.08 to o.10 specification, either consciously 
or unconsciously (and I suppose our fellows 
feel it is good practice) we start slowing up, 
just like a freight train before it comes to a 
station or like a man working to the end of the 
day. He cannot work up to quitting time and 
quit—he has to slow down a little bit. 

So that is the way on these heats. If we are 
shooting for 0.08 pct carbon, we are going to 
slow down at about o.10 pct carbon. But if the 
heat is scheduled to go down to 0.04 pct car- 
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bon, we pass right through 0.08 pct carbon and 
never know it—just like the Sunshine Special 
passes through Steubenville. 

At some levels of carbon content, it does look 
as if a semilogarithmic relation might hold true. 
I imagine we could find portions there where 
the spread of the points would be such you 
could not decide whether it was linear or 
logarithmic. The main reason we have chosen 
a logarithmic ruling on both scales is that it 
seems to fit the entire range from 0.04—-0.20 pct 
carbon reasonably well. It does not require any 
funny assumptions at lower carbon contents. 

You may be interested in our first attempts 
to improve pipe life. The first heat we made we 
spent about two weeks hunting up sillimanite 
and coating the pipe with it. We wanted to dry 
it nicely and not too fast, so we put it on the 
roof of the furnace. I guess it cost us $30. for 
that one pipe by the time we figured out the 
labor cost and all material, but we did this so as 
to have areal job of pipe protection. When we 
used the pipe the coating chipped off almost 
immediately. We found out later we did not 
have the right kind of sillimanite anyhow. We 
still had a heat we wanted to blow and we ran 
out of coated pipe—all we had was bare pipe. 
So we finished the first heat with bare pipe 
and have never tried anything else. 

Of course, we have a pipe mill, you under- 
stand. Some of you who haye to buy the pipe 
on the open market really have to put stopper 
rod sleeve brick around it to protect it. We just 
went ahead and blew the heat. It does not 


- seem to make much difference whether we pro- 


tect the pipe or not. 
Later, we made the device you saw illus- 


trated that fits into the furnace. This method 


did make a lot of difference in pipe life. If 
a man stands up there, the longer he stands the 
more tired he becomes, and he is going to ram 
that pipe in pretty fast. Those are the pipes 
that do not last very long. If you put them in 


_ too quickly and there is too great a depth of 


immersion, the pipe bends up on the end and 
slag starts squirting on the roof. That is not 
good. Oxygen does not get to the bath and the 


roof resents this treatment. 


But with this control we have a little crank 
to feed the pipe. We try to keep the depth 
maybe about 6 in.—open hearth inches, of 


course. The pressure or the rate of blowing does 


make some difference due to the cooling effect. 
If the flow can be kept fairly fast, one gets a 
little better pipe life. 

With regard to this matter of multiple 
injection, the suggestion was made that if we 
use two pipes we would go twice as fast. If you 
use three, you do not go three times as fast; 
we have only five wicket holes, but we never 
used that many pipes. We also tried smaller 
pipes. Instead of putting in one 34-in pipe, we 
put in three 14-in. pipes, but that is not so good 
either because they bend—they are not stiff 
enough to penetrate through the slag. 

I know that it ought to be that if you give 
that gas a chance to bubble around in more 
places, it ought to be better; but somehow it 
just does not work out that way. We have put 
the pipes in different doors. We tried two-door 
and four-door, but that does not make too 
much difference either. 

We want to thank Mr. Tenenbaum for the 
information that the rate over 0.40 pct carbon 
is fairly constant and below 0.40 pct it varies 
directly with carbon content. We do not know 
too much about what happens over.o.40 pct 
carbon—we do not aim to melt our heats much 
higher than that. I do not say we do not start 
blowing any higher than that—sometimes we 
do—but the bath is pretty cold and there is 
usually a lot of lime down at 0.40 pct carbon. 

Once in a while we will put in a pipe just to 
warm things up as much as anything. Of 
course, the oxygen does not know that is what 
we are doing—it thinks we are trying to elimi- 
nate carbon, too—so it goes ahead and elimi- 
nates carbon and warms up the bath all at once. 
But when you say a “constant rate,” I do not 
quite understand what you mean because that 
rate is going to be faster at 0.40 pct carbon. I 
suppose you mean it is just the same at 0.40 pct 
as it is at 0.60 pct. 


M. TreNENBAUM—It is just the same at 50 
as it is at 150 pct. 


F. G. Norrts—You are out of my territory 
on the rso pct carbon. I do not know about 
that. Is it pretty fast? 


M. TENENBAUM—It is fast. 


F. G. Norris—How many points per hour 
or points per minute? 
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M. TenENBAUM—It is of the order of two 
points per minute on a 150 ton heat. 


F. G. Norris—I do not know how this 
would compare with the lower rates we have 
found at lower carbon. 


J. Cutpman—This may not be quite the 
closure, but I hope it will appear in Transac- 
tions as a part of the closure, and I am sure 
it will be a classic. Speaking of classics, the 
author of the classic AIME paper on the 
rate of carbon removal is in the audience, and I 
wonder if Alex Feild would say a word on the 
subject. 


A. L. Frerrp*—I have been listening with 
much enjoyment to Frank Norris’ presentation 
which, as our Chairman says, certainly bears 
the earmarks of a real classic. I have nothing 
to offer myself because I have not worked on 
gaseous oxygen in the open hearth, but I am 
an attentive listener. 


G. V. Storrmant—I think I can contribute 
a bit about what happens in the very low 
carbon range—below the. 0.4, 0.3 pct Mr. 
Hughes was talking about. We did some 
work in 1946 in making o.2 pct carbon steels. 
In fact, we got down as low as 0.19 pct. 

What we found when you plot the rate of 
carbon drop against the carbon content—and 
these were for heats with no ore in them; 
where the oxygen injected into the bath was 
the only oxidizing effect other than that which 
was coming from the furnace atmosphere— 
was a curve that had an S-shape. The rate of 
carbon drop remained fairly constant over 
0.35 pct carbon and then it dropped almost in 
direct relationship to the carbon content. And 
when it got into the 0.05 pct range the rate of 
carbon drop began to slow up very appreciably 
so that from 0.05 pct on down it became in- 
creasingly difficult to remove the carbon. 

Investigating that effect to see what was 


causing it, we plotted manganese against - 


carbon content. This plot gives a curve which is 
roughly a parabola, and in the region from 
about 0.15 pct carbon on down, the manganese 
drops very rapidly with carbon. And in the 
region of about 0.03 pct carbon, manganese is 
being eliminated much faster than carbon. 
The amount of oxygen required to take out a 
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point of carbon is roughly four or five times 
the amount needed to take out a point of 
manganese. 

In the higher carbon ranges the effect of 
manganese is therefore not very important. 
But when the rate of manganese elimination 
is in the order of five to six times the rate of 
carbon elimination, the effect of manganese 
elimination on the rate of carbon drop becomes 
very appreciable. ¥ 

We found that if we took tangents to the 
carbon manganese curve and got the differen- 
tial manganese drop with respect to carbon and 
corrected our carbon drop curves, we could 
then obtain a linear relationship between the 
rate of carbon drop and the carbon content. 
The relationship is further complicated be- 
cause of the probability that there is a mini- 
mum carbon content which one can reach in 
practice by direct oxidation. By making a 
correction factor for this effect one obtains a 
straight line curve of the rate of carbon drop 
against carbon content. 


W. J. REAGAN*—I was very much interested 
in some of the comments about the indirect 
results obtained by the use of oxygen, such as 
heating up the bath, eliminating skulls, and so 
on. I recall that at the electric furnace meeting 
one operator stated that they had been able to 
produce clean steels as they had a positive 
means of heating up the bath and producing a 
boil in the bath. 

I would like to ask the authors whether or 
not they have found any similar results which 
they could attribute to the use of oxygen such 
as better rimming action, elimination of skulls, 
better ingot characteristics, and the like. 


J. B. Wacsrarr}—I would like to make an 
observation which might help us a step further 
on the carbon removal. I think if you will cal- 
culate the oxygen per unit drop of carbon as a 
function of the carbon content of the bath, you 
will not get a straight line in the low carbon 
range because a considerable amount of oxide is 
necessary to form iron oxide required for equi- 
librium in the slag. In fact, the oxygen per 
unit drop of carbon increases rapidly at low 
carbon concentration. Now, if you are putting 
the oxygen in at a constant rate, quite obvi- 
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ously the rate of carbon elimination in the bath 
drops off very rapidly in the low carbon range. 

Another thing that may be of interest is when 
you plot the oxygen per unit drop of carbon 
against the inverse of the carbon content, I 
think you get something very close to a straight 
line. Just exactly why that is so I am not sure; 
perhaps somebody could tell me. 


J. W. Gatnes*—The question came up in 
earlier discussion this afternoon as to the 
effect of increasing the rate at which oxygen 
is added to the bath and its relation to the rate 
of carbon elimination. I think it is fair to say 
there is a connection there because if you com- 
pare heats made in furnaces of wide range of 
size—say from 50 tons to 250—and with oxy- 
gen injection rates running from, say, 15,000 
cfhr up to as high as 75,000, you find that the 
ratio of carbon removed to oxygen input is 
substantially constant—that is within limits of 
open hearth accuracy. Now, that means that 
the more gas that is put in by and large, the 
more carbon there is eliminated. 

One other point which bears on that same 
subject is a consideration of the effect of the 
purity of the decarburizing gas. Many of you 
know that a number of tests have been made 
where air has been used instead of oxygen, and 
where, also, intermediate purities have been 
employed, including 70 and 45 pct oxygen 
mixture. 

If all of that information is surveyed, one 
finds that the trend with purity is very, very 
slight. The high purity oxygen will do a little 
bit faster job for the same volume per minute, 
but as compared with air it is a difference of ro 
pet instead of a difference of five-fold. In other 
words, it seems to be primarily a matter of: 
(z) introducing gaseous material into the bath 
which will permit the normal bath reactions to 
proceed; and (2) supplying heat to the bath to 
make up for the heat demand of the endo- 
thermic reaction of carbon elimination. 

I think it is also true that the sharper work- 
ing furnace will show less difference between 
air and oxygen, than one which is more de- 
pendent on the heat producing action of the 


oxygen. 
| S. Marsuatt}—Most of our work with oxy- 
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gen has been reported in recent meetings, and 
there is not a great deal that I can add at this 
time. However, I should like to add something 
to Mr. Gaines’ statements with regard to the 
required purity of the gas. 

In some of our experiments, about 150 cf 
of oxygen introduced as air produced essen- 
tially the same carbon reduction rate as about 
700 cf of oxygen Supplied as the pure gas. And 
in heats where nitrogen was used to agitate the 
bath, the rate of carbon removal was inter- 
mediate to the rates resulting from standard ore 
practice and the use of pure oxygen. It appears 
that agitation alone is a big factor in the 


carbon reduction rate. 


F. G. Norrts—In the first place, I certainly 
want to thank all of the discussers of this paper 
and also the discussers of the discussion of the 
paper. Some of these last remarks scarcely 
require any answer at this time as they were in 
the nature of contributions of information. 

We know that agitation is an important part . 
of the reaction in the open hearth process. We 
know that there are some things that we like 
about agitation from the standpoint of the 
speed of reaction. There are other things we do 
not like about it. It splatters slag on the roof, 
and the roof does not like it, and just falls down 
and quits if it is continued. 

One can see the difference between the 
effect of oxygen and air. One knows imme- 
diately when air is being blown and when it is 
not by merely looking at it—at least we can. 
By saying that, I do not mean we can see 
something nobody else can see. I mean, accord- 
ing to our practice—which is to start blowing 
at low carbon—we can tell the difference. If 
one starts blowing at high carbon not much 
difference can be seen because one splatters 
pretty badly anyhow. 

If one is blowing relatively pure oxygen, 
there is some boil right at the end of the pipe, 
but it is not as pronounced as with air. We have 
tried a few heats with air, but we have gone 
back to pure oxygen—and it is not entirely on 
account of the failure of our air compressors. 

We would like to comment on this matter of 
manganese, and the elimination of manganese 
late in the heat, and adjusting the carbon curve 
to take that into account. I do not exactly like 
the implication that is made when you apply a 
correction to the carbon curve, because we have 


74 DIRECT OXIDATION IN THE BASIC OPEN HEARTH PROCESS 


determined those carbon contents and I think 
they are correct within the limitations of our 
sampling method and our chemical analysis. 
I will stand on what those carbon values are 
uncorrected. If you want to have a manganese 
drop curve, that is quite another matter. I do 
not believe they are interchangeable; they may 
be concurrent. 

This seems to me to be an effort to apportion 
the oxygen that is introduced and say part of it 
‘reacts with carbon and part with manganese 
and the rest to building up the slag. Let me 
point out some of the dangers or pitfalls into 
which one might fall in trying to estimate the 
carbon that would have been eliminated if the 
oxygen had not been used by the manganese. 

Start by working with one practice—doing 
it in one shop—with a given source of hot or 
cold metal. That means there is a standardized 
charge, with a given manganese content, and 
all those factors affect residual manganese. 
With this standard practice concurrent reac- 
tions duplicated from heat to heat will be 
found which will give the illusion of constant 
cause and effect. But change any one of those 
things—change the basicity of the slag, change 
the proportion of pig iron in the charge, or 
change the amount of manganese in the pig 
iron—and the standardized behavior of carbon 
and manganese will be upset. I think they are 
independent of each other. They are de- 
pendent on a common cause, and that is the 
oxidizing influence. I can almost guarantee to 
finish up fairly ‘low carbon at a pretty high 
manganese if starting with a charge selected for 
this purpose. 

If one sets out to make a pure iron heat, one 
certainly does not use 2 pct manganese iron; 
it will be closer to about 0.80 or 0.90. Then 
there is an entirely different relation in the 
later stages of the heat between the final 
elimination of the carbon and manganese. 
There comes a time when the heat is worked on 
manganese instead of on carbon. You will get 
down to where you tap out because the carbon 
has gone down about as low as it is going to go. 

In respect to the slag metal relations, in the 
case of ore compared to the case of direct 
oxidation; I do not think that the slag is in 
equilibrium with the bath in the case of direct 
oxidation. With direct oxidation heats I be- 
lieve the predominate diffusion is from metal to 
slag. The oxygen first reacts with the oxidizable 


elements, which means iron, carbon and man- 
ganese. There is a certain excess of it that will 
also cause agitation. But I do not think the 
point that is reached would be termed an 
equilibrium value in the distribution of iron 
oxide between slag and metal. 

I certainly want to express our appreciation 
again for the interest that has been shown in 
this paper, and we hope that if we have failed 
to answer the discussion orally you will send in 
written discussion on this. If any of you who 
has not had the opportunity to read this paper 
—we sent it in too late to have it preprinted— 
will send us written discussion, we will under- 
take to give a more considered answer. | 


E. B. Hucues and F. G. Norris (authors’ 
closure)—It is, of course, the privilege of each 
author to select the method of presentation 
and interpretation of results that seem to him 
to be the most logical and effective. 

To us it seems logical to use a normal heat 
made by established practice as a basis of 
comparison for a new practice. We realize that 
such a comparison is impossible because of the 
practical difficulty of determining what is nor- 


mal practice or of locating such a heat. It is — 


also impossible to carry the oxidation reaction 
to completion in any steelmaking process. The 
introduction of a given amount of reagent, in 
this case oxygen, does not insure that it will 
react with a stochiometric equivalent weight of 
carbon. There is not any reason to expect that 
it will. Even if the reaction took place in a 
closed system, equilibrium would be established 
among all of the elements present which as a 
minimum would include Fe, C, Mn, P, and O. 

Faced with the necessity of having to make a 
choice between two impossible ideals, we have 
preferred to attempt to establish normal prac- 
tice for both conditions and make the compari- 
son on this basis. 

Computations’ of efficiency based on sto- 
chiometric relations do not appeal to us 
because this method seems to imply that the 
ideal or 100 pct efficiency is the reaction of all 
of the oxygen with carbon and carbon alone. 

If we understand Dr. Slottman’s method, 
he recognizes the possibility of the reaction of 
oxygen with one element other than carbon, 
that‘is, manganese, and attempts to use carbon 
as the unit to express the combined results. It 
seems unfortunate that the combination is 
referred to as a correction. This nomenclature 
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carries an implication of error in the original 
data which is probably not intended. 

It is true that the data are limited to 
specific conditions. These conditions are stated 
in the subject of the paper, “‘The Elimination 
of Carbon in the Basic Open Hearth Process.” 
Some of those who have attempted to violate 
the relations summarized by this curve have 
been less successful in the application of direct 
oxidation. 

Simply sticking a pipe in the furnace does 
not automatically insure that the rate of carbon 
elimination will be either that in Fig ro or 
indeed any other value. The rate may not be 
that high if there is no effort to drive the fur- 
nace. If the operation proceeds without regard 
to furnace structure, a higher rate may be 
possible temporarily. The same remarks apply 
to the curves based on heats worked with ore. 

Ordinarily we aim to make the specified 
carbon. Many of the heats are specified 0.04 
max. carbon. Carbon elimination on these 
heats has a tendency to flatten off at about this 
value. The same tendency at higher levels is 
shown by heats specified 0.08 max. or 0.10 max. 
‘This tendency is incidental to operations and is 
not an inherent characteristic of direct oxida- 
tion. The lowest carbon heat we have made by 
direct oxidation finished 0.018 pct C. One box 
of ore was dumped at 0.75 C which was before 
the heat was melted. It melted 1 hr and 20 
min. later at 0.25 C. Direct oxidation was 
started x hr and so min. later at o.10 C. During 
the next so min. six pipes were used at 12 5-lb 
line pressure. Carbon down to 0.010 on a killed 
test is pretty hard to make in an open hearth 
furnace. If we had the job of making this order, 
‘we would prefer direct oxidation and have 
every reason to believe we would do a better 
job faster than by the use of feed ore. 

In partial answer to Mr. Larsen’s question 
about slag oxidation, the FeO on this heat was 
37.6 pct. Such a heat worked entirely by in- 
direct oxidation would probably carry a slag 
of 48 to 54 pct FeO. 

In looking over our records in answer to 
this point, we notice that a week later we made 
a 0.03 C heat that had 26.5 pet FeO. This may 


‘not be the lowest FeO we have made at this 


carbon content, but it is lower than usual. This 
particular heat was charged with 31,400 lb 


‘of sintered Hanna ore. It melted soft, requiring 


a total of 45,000 extra metal. Direct oxidation 


was started at 0.08 C at which time the slag 
pancake showed 2.4 CaO/SiO»2 ratio. No feed 
ore was used in making this heat. These are 
specific answers. The general answer is shown 
by the ratio of FeO in the slag to oxygen in the 
bath. For a given carbon content this ratio is 
lower for direct oxidation. On any one heat at 
the beginning of direct oxidation, the slag 
metal ratio is higher than at the end. This 
means that the oxygen increases in the metal 
as carbon is eliminated, but that it does not 
increase proportionately in the slag. 

Ore dumped into a high carbon bath has a 
chilling effect. As the chilling proceeds there is 
a tendency to retard the reaction rate. The 
initially high carbon content tends to favor a 
fast rate of reaction. The net effect of these two 
compensating influences may lead to the con- 
clusion of a constant rate above 0.40 C. 

Extrapolation of our curve for indirect oxi- 
dation is not justified on the basis of our own 
data. With the supporting evidence given by 
Mr. Tenenbaum, extrapolation is no longer into 
a totally unknown region. The instantaneous 
value of 2 points per min. at 1.30 pet carbon is 
in substantial agreement with his value of 2 
points per min. starting from 1.50 C, A constant 
rate of drop means that the carbon content is a 
linear function of the time. We have not ob- 
served this to be the case. In our experience 
more carbon is éliminated in a given time at 
high carbon than at low carbon. 

It is true that when using one or two pipes in 
the open hearth bath diffusion is not fast 
enough to prevent the oxidation of iron. 
Neither is it in the Bessemer process. Preferen- 
tial oxidation of carbon instead of iron seems to 
require more than multiple points of entry for 
the gas stream. 

In reply to Professor Reagan’s question, we 
have not found any difference in rimming action 
or ingot characteristics. We believe rimming 
action depends upon the composition and tem- 
perature of the steel inthe ladle as modified 
by pouring rate and mold additions. The 
manner of arriving at this composition and 
temperature in the ladle is of secondary im- 
portance. There may be an indirect influence 
due to better pouring temperature and fewer 
skulls. ; 

We thank Mr. Wagstaff for his remarks and 
also Dr. Gaines for his contribution to several 
of the questions which have been raised. We 
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certainly agree that the more oxygen that can 
be introduced effectively into the bath, the 
more carbon will be eliminated. There is no 
practical difference that we can observe be- 
tween use of one and three pipes. The initial 


faster to shape the slag when using direct 
oxidation. 

Knowledge of the oxidation of carbon can be 
summarized somewhat as follows: 

1. The equilibrium constant has been de- 


TABLE 2—Comparison of Refining Processes 


Pre- 


. Points of 
Conditions abet ae eo ee Agitation eiebed & ee Splash 
Oxygen oe) a 
Bessemer enriched | Blast Multiple | Indep. ofre-] Exothermic re-| Fastest refin-| No effect be- 
blast. action actions. In-] ing known* cause of design 
cludes Fe of equipment 
Agra aiccctecetAeain Blast Multiple | Indep of re-] Exothermic re- | Faster than 
action action—chiefly | O.H. 
Si content of 
Fe . . 
Open hearth oxy- | Blast Few Indep .ofre-| C reaction is | Fast Limits speed of 
gen. A action exothermic process 
BAG ya iossiat ss ae | sDlast Few Indep. of re-] Less temp. from } SI]. slower than | More than pure 
° action reaction oO Oo 
Nitrogen). c004 <5 Slag More Indep. of re-} Chills bath Faster than 
action slag : 
Box of lump ore...} Ore Many lo- | High-de-|] Endothermic.| Approaching] Of short dura- 
calized pends on] Chills bath Bessemer in] tion 
reaction speed 
Oxidizing slag..... Ore and|Entire|Entirely | Fuel required to | Slow Practically none 
Fne. Atm.| batharea| limited by | maintain reac- 


reaction 


tion 


* This estimate is based on evidence given by Julius Strassberger, American Iron and Steel Institute, 
May 1948. ‘ 


benefit of multiple points of injection is located 


between the number we have used and the . 


number used in the Bessemer process. 

We acknowledge our indebtedness to Dr. 
Marshall for his contribution concerning the 
effects of agitation that accompanies blowing 
with nitrogen which we have included in the 
tabular summary of various processes. We 
surmise that continued blowing with _nitro- 
gen would have a chilling effect and that 
its effectiveness would ultimately become less 
pronounced, 

In answer to Mr. Flynn’s question, it appears 
that oxidation in general is speeded up and that 
the effect of direct oxidation is not exclusively 
effective for carbon elimination. Manganese 
follows the carbon right down just as it would 
for heats worked by indirect methods. We have 
much less information on the rate of phosphorus 
elimination. As explained in the details of the 
oral discussion, our phosphorus level is pretty 
low. The question is probably directed to the 
possibility of working carbon so fast that the 
other elements are still high when the carbon 
is down. Naturally the slag has to be shaped 
up when the heat is tapped. This is not neces- 


sarily automatic, but in general it is easier and _ 


. 


termined. This is independent of mechanism of 
the reaction or size or shape of the container. 

2. The approach to equilibrium changes 
with various circumstances. In the open hearth 
it is approached more closely in case of direct 
oxidation possibly because of agitation. 

3. The speed or rate of the reaction is influ- 
enced by both fundamental and practical 
considerations. 

4. For a given carbon content temperature 
has the predominate effect. For relatively 


constant conditions of temperature and agi- | 


tation, increased carbon content increases the 
speed. It is practically impossible to separate 
cause and effect relations among the three 
factors: carbon, temperature, agitation. 

5. The practical factor that limits the speed 
of the reaction is the design of the process with 
respect to maintenance of temperature, effect 
of splash, and introduction of gas. 

6. The fastest rate of carbon drop in the open 
hearth process is immediately after dumping 
ore into a hot bath of high carbon content. The 
initial speed is not maintained, chiefly because 
of the heat requirement. 


R. J. RaupEBAUGH*—Having carefully read 
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this paper I am left with the impression that it 
should be of definite interest and considerable 
value to the practical steelmaker. The conclu- 
sions are concisely stated and apparently well 
substantiated. 

One question on which I would like further 
enlightenment pertains to Fig 1 in which the 
authors plot carbon elimination as a function of 
carbon content of the melt for both direct and 
indirect oxidation procedures. Assuming 0.10 
pct carbon to be the desired end point, the 
spread in time to arrive at that condition ap- 
pears to be considerable (between 10 and 25 
min.) in the case of direct oxidation practice, 
whereas by indirect practice a time of about 55 
min. seems to be consistently implied. Would 
this result in greater variation in FeO content 
of the bath at the time of tapping and hence 
possibly modified deoxidation practice? Would 
the variation in temperature of the melt vary 
to a greater extent than in the case of indirect 
practice? 

I find it confusing to follow the discussion in 
the left-hand column of p. 55. The last para- 
graph apparently refers to points on Fig 2 asso- 


ciated with indirect practice, although such 


is not clearly stated to be the case. 

Likewise on p. 55, the first paragraph in the 
right-hand column beneath the figure may be 
misleading. The dash preceding the word Log 
in the two equations cited is not to be taken as a 
negative sign. The equations are correctly ex- 
pressed in the conclusions (p. 67). 

Referring to the discussion concerned with 
the chemical relation between carbon and oxy- 
gen (right-hand column at the top of p. 57) I 
believe there is an error in the figure of 3.25 cf 


of oxygen cited for the amounts of that gas re- 


quired to oxidize 0.2 pct of carbon to a go pct 
CO, 10 pct CO2 condition. I believe 3.5 cf is 
more nearly correct. 

Having voiced an opinion in my opening 
statement as to how I thought the practical 
steelmaker would probably react to this paper, 
I feel that I should close by speaking for myself 
and others here who might be in the academic 


field. The authors’ description of direct oxida- 


tion as a workable modification of basic open 
hearth practice and the conditions under which 
it can be used most effectively brings the indi- 
vidual like myself to a better appreciation of 
current developments along this line. 


F. G. Norris (authors’ reply)—The authors 
appreciate Professor Raudebaugh’s clarification 
of the several points that he mentions specifi- 
cally. It is of course gratifying to have this 
assurance that the paper is of interest to readers 
from many fields. 

With reference to the second paragraph, the 
oxygen content of the bath depends primarily 
on the carbon content. The relation is such that 
the carbon-oxygen product tends to be a con- 
stant. Because of these relations there is less 
variation in the oxygen content of the bath in 
case of direct oxidation. The increased rate, and 
therefore shorter time to reach a given carbon, 
is only incidental in affecting the oxygen con- 
tent or the deoxidation practice. 

With our practice, the temperature is under 
closer control with direct oxidation because of 
the ease with which the low carbon bath can be 
brought to proper tapping temperature. 


S. FrIGENBAUM*—The authors present an 
interesting comparison of the effects produced 
by direct and indirect oxidation of the open 
hearth bath. The effectiveness of direct oxida- 
tion at carbon levels below 0.10 pct has become 
well recognized and seems at present to be the 
best justified metallurgical application for oxy- 
gen in open hearth practice. 

The addition of ore for carbon reduction is 
attended initially by the absorption of heat 
from the bath while direct oxidation has an 
exothermic effect, so that oxygen may be used 
very late in the refining period when ore would 
prove troublesome. Metallurgically, the use of 
ore is advantageous because of direct conver- 
sion of the ferric content; and for some plants 
there may be merit in concurrent application 
of direct and indirect oxidation particularly at 
higher carbon contents. Furthermore the use of 
compressed air rather than oxygen for this 
purpose appears to warrant further considera- 
tion since agitation of the bath has been demon- 
strated to be a major factor in rate of carbon 
drop. 

There is probably little reason to expect that 
sulphur elimination would be benefited by di- 
rect oxidation. Although the temperature 
effect is favorable oxidizing conditions toward 
the end of the refining period are unfavorable 
toward sulphur reduction and the net effect 
would be slight. 
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By J. S. Marsu,t MempBer AIME 
(New York Meeting, February 1948) 


JosEPH PRIESTLEY prepared oxygen 
on Aug. 1, 1774, and noted with great 
surprise ‘‘that a candle burned in this air 
with a remarkable brilliant flame.” On 
Aug. 2, 1774, some ironmaker possibly 
began to wonder if this substance could be 
used to increase his rate of production; at 
any rate, there is no disputing the fact that 
the notion of using oxygen for steelmaking 
in concentrations greater than that avail- 
able in great abundance—as air—has been 
in existence for years. Action was delayed 
by the lack of enough oxygen at a cost 
within reach of the steelmaker. Within the 
last several years enough has been available 
to permit large-scale tests of its use for both 
combustion, with which this paper is 
concerned, and for decarburization. The 
literature is now enormous and easily 
available; it is sufficient here to cite three 
items of historic importance in that all are 
about 25 years old and in that all are re- 
markably consistent as far as they go, with 
what is known today.!3 


SIGNIFICANCE OF HIGH-TEMPERATURE 
HEAT 


The principal function of the open- 
hearth furnace is to supply sufficient high- 
temperature heat to melt the charge and 
then to increase its temperature to a range 
suitable for tapping, ordinarily in the 
neighborhood of 2900°F. That heat is 
required to make steel is understood by 


Manuscript received at the office of the 
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everybody; however, there seems to be 
some confusion now and then about the 
significance of high-temperature heat. 
Transfer of energy—and heat is energy— 
is always from a point of higher potential 
to a point of lower potential and, other 
things being equal, the greater the potential 
difference, the greater is the rate of transfer 
of energy. In the open hearth the flame, of 
course, is the high-potential source. Perhaps 
the most satisfactory approach is through 
the notion of theoretical flame temperature, 
which is the ratio of heat input to the heat 
content of the combustion products,* the 
former is composed mainly of heat of com- 


. bustion of the fuel plus sensible heat of the 
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fuel plus sensible heat of the combustion 
air. Thus, flame temperature can be in- 
creased by increasing the value of the 
numerator, by decreasing the value of the 
denominator, or both. The first method is 
as old as the open-hearth process and, of 
course, makes use of preheated air; its 
possibilities have been by no means 
exhausted. 


The secon! method can be put into 


effect only by changing the composition 
of the combustion air, since the combus- 
tion of a given quantity of fuel produces 
a definite quantity of product, and since 
the denominator includes the non-reactive 
fraction of the air, principally nitrogen. 
In other words, the denominator consists 
of the volume of exit gas multiplied by its 
heat capacity and that volume consists of 
carbon dioxide and water vapor as reaction 


* Theoretical flame temperature 
= heat of combustion + sensible heat in fuel 


+ sensible heat in air — 


total quantity of combustion products 
X their mean heat capacity 
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: products, possibly unconsumed oxygen, and 


nitrogen. 

Unconsumed oxygen may be ignored 
here. It is clear that nitrogen gets a 
“free ride’; it dilutes the combustion 
products, increases the value of the de- 
nominator, and decreases the maximum 
possible flame temperature. Oxygen, it 


“must be emphasized, is not a fuel and it adds 


no heat; increased flame temperature 
through the use of oxygen enrichment 
results from reduction of the quantity of 
heat carried away from the melting zone 


_ by nitrogen by reducing the fraction of 


nitrogen present. 
INCREASING FLAME TEMPERATURE 


These matters are elementary in the 
extreme; it is, therefore, very easy to over- 
look some of their implications. For exam- 
ple, tooo Btu per cu ft gas may appear 
attractive to the operator of a gas furnace. 
Yet—and this is likely to be true—if the 
volume of combustion products is high, 
flame temperature may be lower than that 
of the 50o Btu gas he had been using. At 
all events, it appears that there are two 
ways, simple in principle, to increase 
flame temperature, therefore rate of melt- 
ing: 1. Increase the heat content of the 
combustion air. 2. Decrease-the fraction of 
inert matter. It is with the second of these 
that results reported here are concerned. 
Before proceeding, however, it will be use- 
ful to review briefly another aspect of heat 
transfer. 


HEAT TRANSFER BY RADIATION 


Transfer of heat from flame to charge is 
principally by radiation; energy passes 
through the furnace atmosphere from the 
luminous carbon particles and from the 
combustion gases such as carbon dioxide 
and water vapor. As is usual with radiation, 
upon striking the charge—or the furnace 
walls or roof—it may be absorbed or 
reflected. This fact is recognized by the 
éxistence of the terms emissivity and ab- 
sorplivity, which are merely fractions in 


terms of actual behavior and that of a 
theoretically perfect emitter and absorber 
(that is, a black body). In principle, these 
matters are related by: 


q net 
we oe(T\4 — To!) 
where g net = heat flow from flame to 
charge 
A = area 


o = radiation constant 
€ = emission-absorption factor 
T, = absolute flame temperature 
T, = absolute charge temperature 
Actually, this equation is too simple to 
account quantitatively for heat flow in the 
open hearth. For one thing, flame tempera- 
ture varies considerably over the volume 
that the flame occupies; for another, as 
written, the equation applies only to sur- 
faces that ‘‘see” only each other and thus 
exchange energy only between each other. 
However, there is no need to introduce a 
complicating factor to account for shape 
and distribution in space of the radiating 
surfaces. Useful qualitative deductions are 
obtainable, nevertheless. First, since rate 
of heat transfer depends upon difference of 
fourth-power temperatures, the greatest 
benefit from oxygen enrichment must 
derive from its use when the charge is 
coldest, which is to say when there is the 
greatest temperature difference. Second, 
the charge cannot distinguish between 
changed emissivity and changed flame 
temperature; increase of either will in- 
crease rate of heat transfer. Both are effec- 
tive in determining the heat flow pattern 
and changed furnace design may be neces- 
sary to produce the pattern yielding the 
highest overall melting rate. Third, oxygen 
enrichment does not necessarily endanger 
refractories such as the roof, because—and 
this is fortunate—the emission-absorption 
factor is not the same for all substances. 
Steel scrap is a far better absorber of radia- 
tion than is silica brick; therefore, even 
though both are exposed to the same 
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quantity of radiation, the charge is heated 
at the higher rate; in fact, much of the 
radiation received by the roof is returned 
to the charge by reflection. Fourth, because 
of the foregoing item, the relative place- 
ment of oxygen and fuel streams is not 
critical, in general. Fifth, more benefit 
should derive from introduction of oxygen 
by a stream contiguous to the fuel stream 
(that is, through the burner) than from 
the same quantity premixed with the air 
(that is, introduced at the air intake or in 
the checker zone). This is because the 


former is equivalent to a substantially 


greater enrichment (greater nitrogen im- 
poverishment) in the flame zone. 

In passing, another implication of the 
radiation equation favoring increased flame 
temperature in the first stages of the heat 
may be cited. Rate of heat absorption is a 
function of area of surface exposed. For 
example, assuming only downward radia- 
tion, on a 1-ton sphere of steel, an area of 
about 6 sq ft of surface would be exposed. 
As a cube, the area would be from 2.5 to 
7-5 sq ft, depending upon its orientation. 
As o.5-in. plate, the area would be about 
too sq ft. Thus, lighter scrap, which has 
higher surface-volume ratio, really is faster 
melting. In addition, the interior of the 
piece can be heated only by conduction 
and nothing can be done about thermal 
conductivity; consequently, the thinner 
- the piece the less the effect of this limita- 
tion. Since maximum surface is exposed to 
the flame before melting has begun, the 
aforementioned reason for early enrichment 
follows. As melting progresses, the exposed 
surface becomes less’ and approaches a 
plane as a limit. In addition to the contrac- 
tion of area, the exposed surface becomes 
slag and—unfortunately, this time—the 
absorptivity of slag is less than that of 
steel; it would appear then, that the 
advantage of enrichment is minimum once 
the heat is under cover. Analysis of the 
problem cannot stop at this point, how- 
ever; the faster-melting light scrap is likely 


to be so voluminous that a point is reached . 


at which rate of charging cannot keep up 
with rate of melting. In this case, enrich- 
ment is of lessened, or even no, advantage. 
These things must be kept in mind. 

By way of prefacing the following discus- 
sion, it must be stated that more space 


will be given to summarized findings and 


to conclusions than to detailed data, for 
it was felt that this system would be on the 
whole more useful. 


INITIAL TESTS 


The furnace chosen for the first tests is 
of modern construction 82 ft 7 in. long and 
23 ft 6 in. wide having a hearth area of 
880 sq ft. Checkers are two-pass, the 
chamber volume being about 8200 cu ft and 
containing about 3900 cu ft of checker 
brick. Heats average about 200 net tons. 
Oil is the only fuel and the grade of steel 
made is ordinarily common structural 
containing about o.20 pct carbon. High- 
purity oxygen was piped to the shop in a 
3-in. line from an adjacent plant at an 
average pressure of 170 psi. A special panel 
was installed for measurement and control 
of flow to the furnace; measurement was by 
orifice meter and control was by air-oper- 
ated globe valves so arranged that reversal 
was automatic. 

To evaluate the effect of oxygen enrich- 
ment, the furnace was made to compete 
with itself; that is, oxygen and non-oxygen 
heats were alternated. Data were recorded 
by special observers on the form shown in 
Fig 1. (As a matter of record, the first 
heat was made on Aug. 19, 1946.) The data 
shown are for a heat that was typical 
rather than outstanding in any way. Zero 
time was the end of tap of the preceding 
heat. Although mostly self-explanatory, 
some additional description may be useful. 
Proceeding from top to bottom, first seen 
is the record of oil flow, which was in the 
neighborhood of 500 gphr after charging 
was begun. The flow was decreased some- 
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what during the lime boil, which is shown usual. Had they been, such would have 
at the bottom of the chart; roof tempera- been noted. Similarly, the hot metal was 
ture, shown in the fifth section from the charged in two ladles. The total charge 
top, reached nearly the maximum allow-  time—start of scrap to finish hot metal— 
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Fic 1—OPEN HEARTH DATA SHEET. 


able during this period. Certain interval 
_ operations are shown in the second section; 
the method used makes it possible to 
detect any abnormalities at a glance. The 
scrap was charged in two drvgs; the gap 
between was caused either by floor or 
 stockyard conditions which were not un- 
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of x hr 55 min. was not unusual for oxygen 
heats. 

The next three sections are concerned 
with items such as atomizing steam pres- 
sure, roof pressure, and roof temperature as 
measured by a radiation pyrometer sighted 
upon a block in the center of the main roof. 
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The sixth and seventh sections are of more 
interest; the former shows oxygen flow and 
the latter air flow. To be noted is the fact 
that when oxygen was used, the air flow 
was reduced to the extent required to yield 


OXYGEN 
20.3 Sala. 


TYPE A 


OZ 


OXYGEN 


74.7§ S@.In. 


TYPE D 


a predetermined enrichment, which in this 
case was to 27 pct oxygen. Other details are 
shown at the bottom of ‘the form; for 
example, the heat melted high and required 
344 boxes of feed ore. 

Data were collected on 241 heats from 
this furnace; of these, oxygen was used on 
94; it may be added that all tons-per-hr 
figures are on a standardized tap-to-tap 
basis. Much of the work was exploratory in 
nature and involved experiment with 
burners of various design, variable enrich- 
ment, determination of the most satisfac- 
tory time for use of oxygen, and mode of its 
introduction. Since conclusions 
from such experiments were upheld by 
subsequent work, it will be useful to state 

-some of them at this point because they 


TYPE B 
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help in arriving at an understanding of the 
behavior of oxygen-enriched furnaces. 
Burners 


The first burner tested was of the type 
ordinarily used for the combined burning 
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XYGEN 
10-3, 59./a. 


-3 Sq./n. 


TYPE C’ 


TYPE E’ 


Fic 2—ExXPERIMENTAL BURNER PROFILES. 


of liquid fuel and coke-oven gas, which is 
to say it consisted of two concentric pipes 
within a water jacket; the inner carries the 
liquid fuel and the outer the gas, which, in 
this instance, was oxygen. It was stated in 
the introductory remarks that considera- 
tion of heating by radiation leads to the 
conclusion that the relative positions of 
fuel and oxygen streams are not critical 
and it subsequently developed that this 
burner performed as well as any other. 
However, various nozzle forms were tried; 
profiles are shown in Fig 2. The object, of 
course, was to increase the quantity of heat 
flowing downward as compared with that 


radiated upward toward the roof. As far 
as heat time was concerned, there was little — 


to choose among these burners; conse- 
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quently, when the operators showed an 
inclination to favor Type C, this was 
adopted for nearly all subsequent work 
with full awareness that the matter of 
burner design had not been exhausted, but 
with the conviction that potential returns 
from possible improvements were small. 
In passing, some unplanned evidence for 
the correctness of the initial conclusion 
may be cited: on another test furnace, 
the fuel and oxygen orifices were recessed 
a few inches from the end of the water 


_ jacket; by some quirk of stream flow, the 


oxygen stream was inverted, for the hottest 
part of the flame was on top. Yet the roof 
was not burned and heat time usual with 
enrichment resulted. 


Degree of Enrichment 


The degree of enrichment first tested was 
arbitrarily established at 27 pct. Increase 
to 33 pct resulted in no gain. Enrichment 
to 25 pct was tried, with results nearly the 
same as for 27 pct. This suggests that the 
first increments of oxygen added produce 
the greatest effect. Quantitative informa- 
tion is given later. 


Mode of Introduction of Oxygen 


A few heats were made by introducing 
the oxygen at the air intake; results con- 
firmed the preliminary analysis in that, as 
compared with burner injection, gain was 
small, more oxygen was consumed, and no 


fuel was saved. The remainder of the tests 


were therefore with burner injection. 


- . Duration of Enrichment 


For the initial heats, oxygen was turned 


on at the start of charge. However, owing 


to mechanical limitations, rate of heating 
exceeded rate of charging. The over-all 


effect of this was merely to waste oxygen; 


consequently, for subsequent heats, en- 
tichment was delayed. By trial and error it 
was found that waiting until the scrap was 
about one-half charged resulted in no loss 


of heat time and substantial saving of oxy- 


gen. Similarly, it was found that the most 
satisfactory time for stopping enrichment 
was about that of start of hot metal 
charging. This meant a total flow of oxygen 
for about 2 hr for all furnaces on hot metal 
charges. It will be noted that the end point 
found by experience is consistent with the 
conclusion from consideration of heat 
transfer. 


The Personnel Factor 


It is very well known that the produc- 
tivity of an open-hearth furnace is highly 
dependent upon the skill and judgment of 
its operators. Ordinarily the pace is set by 
a number of factors, including the dura- 
bility of refractories. Under special circum- 
stances, however, furnace productivity can 
exceed by substantial amount that which 
can be maintained. This fact must be taken 
into account, especially if the number of 
tests is relatively small. For example, dur- 
ing the first tests, it quickly appeared that 
the alternate non-oxygen heats were being 
made in shorter time than usual; this sug- 
gested that the furnace “remembered” — 
that is that heat was stored and carried 
over. However, the immediately adjacent 
furnaces also began to produce heats in 
shorter time than usual; the inescapable 
conclusion, then, was that novelty and 
competition were responsible, rather than 
carry-over of heat. To repeat, such a pace 
cannot be maintained indefinitely. At all 
events, behavior was therefore judged by 
comparison of oxygen and non-oxygen 
heats on the same furnace rather than by 
comparison with previous behavior of that 
furnace. This practice was followed also 
with tests on other furnaces; otherwise, 
gains from enrichment would have been 
fictitiously high. ; 


Other Details of the First Tests 


Attempt was made to maintain a con- 
stant charge, which consisted of approxi- 
mately 60 pct hot metal, 33 pct scrap and 
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7 pct (metallic) ore. Five different burners 


* About 14,000 lb of hot metal lost during charging. 


io: & dices. 
were used and enrichment ranged up to 33 oO S) hrO00 & 
pet oxygen. The highest enrichment per- 2 
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the second column shows that scrap- ia” 


charging time was rapid. To be sure, one 
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advantage of oxygen enrichment is that 
faster melting permits charging to proceed 
without delay, yet it is certain that part 
of the average difference of 1 hr 14 min. 


between oxygen and non-oxygen heats is 
_ascribable to the favoring of the former. 


- 
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; 
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Since scrap cannot be melted until it is in 
the furnace, charging time has an effect on 


_ heat time and part of the 50 pct greater 


rate of production shown for the oxygen 
heats is ascribable to faster charging. The 
psychologic factor was responsible also 
for part of the shortened refining time of 
these particular oxygen heats, as compared 
with that of the non-oxygen heats; this sort 
of thing disappears under routine practice 


_and is mentioned only to discourage mis- 


placed emphasis. Even so, the tonnage-rate 
and fuel gains (approximately so and 25 
pct, respectively) were high compared with 
those cited for the 200-ton furnace (20 and 
Io pct, respectively). This suggests a fur- 
nace factor, for which additional evidence 
was found and which is discussed later. 
To return to the matter of fraction of 
scrap charged, in Table 2 are shown data 
on three different charges. Those for 
100,000 lb of scrap are from Table 1; the 
others were obtained similarly. It is ad- 
mitted that more data would increase 
certainty, yet these results are consistent 
with many others; the essential point is 
that oxygen enrichment tended to smooth 


out ordinary variations of melting time. A 


remarkable consistency of heat time had 
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‘been noted for the first test furnace 
which was charged uniformly; here was 
evidence that, within limits, oxygen tends 


to maintain that consistency despite varia- 
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tion of scrap charged. In retrospect, this is 
not entirely inexplicable; a detailed heat 
balance will show that heat requirement per 
ton of steel produced is nearly inde- 
pendent of fraction of scrap charged. This 
results from the fact that increased fraction 
of hot metal charged is necessarily accom- 
panied by increased fraction of ore and the 
ore reaction just about consumes the extra 
heat charged with the hot metal. The ob- 
served longer heat time with the higher 
scrap charges is therefore ascribable to (1) 
the longer time required for charging 
and (2) slower over-all rate of heating of a 
voluminous mass of scrap. Oxygen here is 
helpful in several ways; especially im- 
portant is the fact that it compensates for 
the low air temperature resulting from the 
chilled furnace that inevitably accompanies 
charging. The high rate of melting permits 
continuous charging and the over-all effect 
is the tendency to melt in the same time 
elapsed from the start of charge. It follows, 
then, that oxygen does produce the greatest 
effect on the higher scrap charges. It must 
be emphasized, however, that this inherent 
advantage of oxygen is useful only if shop 
conditions permit rapid charging. 

An extreme of charge variation was ob- 
tained by using oxygen on cold-charge 
furnaces tapping about 60 tons. The metal- 
lic charge consisted of scrap and about 10 
pet pig iron. These furnaces normally 
produce at a rate of about 6 tons per hr. 
Results of the few heats made are sum- 
marized in Table 3. Enrichment varied 
from 23 to 27 pct. However, by selecting 
conditions that were best and worst by 
using one new and one old furnace, it was 


TABLE 2—F ffect of Fraction of Scrap on 300,000-1b Metallic Charge Heats 


Cold Melt Charge- Tap- Tons Fuel Oxygen 
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Heats Lb Time, Hr Hr Hr Hr Hr Gal Cu Ft 
; 1:08 5:22 6:46 - 7:50 16.8 20.0 © 882 
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felt that sufficient information was ob- charged was used also to obtain further 
tained. Required was only enough to information on the effect of degree of 
estimate probable behavior which, in this enrichment. It will be remembered that the 
case, appears to have been about like that enrichment of 27 pct chosen for the initial 


TABLE 3—Effect of Oxygen on All-cold-charge Heats 


Tons Per Hr Fuel, Gal Per Ton 
So pe of No. |-—_—— ee Bird 3 
anes Heats | with | normat| .Gaim. | With | normat| .Gain. | Cu Fe 
Oxygen 2 Per Cent | Oxygen a" | Per Cent 

ON eeisrescntsteitensteo/ele © To 6.9 17.0 33 4.3 Ir00 
OLA SAE a oki tic Snax one 28 5 
INGWisesteepssvnu sro ststeie hs 4 8.85 40.5 29.5 14.5 1200 
ING Write siazelclore!<laveleteha) oleis : 6.3 34.5 


for the larger furnaces with scrap-hot tests on the 200-ton furnace proved to be 
metal charges—in other words, say about about as effective as the richer mixtures. 
25 pct increased tonnage and about 15 This value was substantiated on the 135- 
pet fuel saving. ton furnace, as is demonstrated by Fig 3, 
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Fic 3—EFFECT OF DEGREE OF OXYGEN ENRICHMENT ON RATE OF PRODUCTION AND FUEL CON- 
SUMPTION AS DERIVED FROM DATA ON 57 HEATS. 


Errect OF DEGREE OF ENRICHMENT which is based upon 57 heats. The mini- 
The furnace used for investigation of _ mum in the fuel consumption curve indi- 
the effect of variation of fraction of scrap cated by the data must be real, since the 


_ production curve reaches its maximum at 
_ an intermediate oxygen value; although 
more fuel can be burned at the higher 
degrees of enrichment, seemingly the extra 
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flow was at a rate of about 400 gphr and 
oxygen enrichment was to 25 pct. Hot 
metal in the charge was about so pct. Pro- 
duction data are summarized in Table 4. 


TABLE 4—Summary of Production Data on a Routinely Operated Oxygen Furnace 


Oil Fired Mixed Gas and Oil Fired 
’ Item 
With Gain, With i 
Z Oxygen Normal Per Cent Oxygen Normal Por eent 
ING ES CEY, te 
& Cold-charge time, hr-min Mes my 
_ Hot-charge time, hr-min............ 3:06 ae a 
me Melt-time, hr-min.....0.5...20006- 7:35 Bice ie 
_ Charge to tap, hr-min.... 9:00 cae 2 
Heat weight, tons........ 136 133 e 8 
Berons per Htc. 35. 66 a0 bi'sce 13.2 TIWA 16 
MeO Gall per ton’. 2c ieee je eens 15.3 10. 
Mixed gas, equiv. gals....c0....ee-- 10.8 8.6 
4 Motal fuel, gal per ton. ..... 200-806 26.1 27.9 
me Oxygen per ton, cuft.........2-+6-- 609 j us 
m7 Oxygen flow, hr-min............... 2:26 
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heat released was not transferred to the 
_ charge—at least in furnaces of the design 
and construction tested. It will be remem- 
-bered that this is consistent with what was 
found for the first test furnace with en- 
richment to 33 pct oxygen. 
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EFFECT OF OXYGEN ON REFRACTORIES 


Although nothing abnormal about roof 
wear had been noted for the test furnaces, 
‘it was recognized that the behavior might 
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gen was available to supply the 200-ton 
furnace used initially; consequently, the 
_ work was transferred to a smaller furnace. 
_ The one selected is of 600 sq ft-hearth area, 
taps about 135 tons, and was completely 
rebuilt, with basic ends, prior to the start 
of the oxygen campaign. Operation was 
’ with a minimum of special supervision; 
if “this was for the purpose of arriving at an 
estimate of what might be expected reason- 
5 _ably under routine conditions. In all, over 
300 heats were made; for 177 of these, the 
fuel was oil, and oxygen was used on 149 
‘of the 177 heats. (Either mixed gas or 
mixed gas and oil were used on the others; 
of these, oxygen was. used on 96.) Fuel 


be different for a furnace on which oxygen 
was used for every heat. Insufficient oxy- . 


It is interesting to note that the usual dif- 
ference of results from liquid fuel and gas 
firing persisted with oxygen enrichment; 
in terms of percentages, there is little to 
choose between the two sets of data. The 
gains are relatively small compared with 
those found with the other 135-ton furnace, 
but are roughly in accord with those for 
the 200-ton furnace in the adjacent shop. 
Part of the difference from the neighboring 
furnace is probably ascribable to the fact 
that, principally because of supply, en- 
richment was limited to 25 pct, although 
the furnace and shop factors were undoubt- 
edly operative also. However, it is the pur- 
pose of this section to discuss refractories, 

In brief, all that can be stated is that no 
definite effect of oxygen enrichment was 
found. The roof was first patched after 119 
heats and again after 195 heats. In terms 
of one 13.5-in. roof, knuckle to knuckle, 
exclusive of skewbacks, life was 177 heats: 
Oxygen enrichment was stopped before the 
end of the campaign; consequently, : the 
aim of the test was not entirely fulfilled. 
To be certain, considerably more. data 
would be needed, although as has been 
stated, nothing unusual was observed 
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about refractories on any of the oxygen 
furnaces. 


DISCUSSION OF RESULTS 


In all, more than 400 oxygen enriched 
heats were made in five different furnaces 
which ranged from older types in congested 
shops to newer designs in modern shops. 
Charges covered the range likely to be 
encountered; that is, from all-cold to over 
60 pct hot metal. Information obtained on 
some items was necessarily incomplete; 
for example, it was not proved conclusively 
whether or not oxygen has an effect on 
furnace life, although indications were that 
any such effect at least is not harmful. 
Further, it is clear that the production of 
an all-oxygen shop would not necessarily 
be the rate for one furnace multiplied by 
the number of furnaces; however, before 
expanding this statement, it may be well to 
record several so-far unmentioned, or 
casually mentioned, observations: 

1. A furnace “‘set” for 1 to 3 pct oxygen 
in the waste gas remains set upon enrich- 
ment of the combustion air. 

2. Oxygen-enriched furnaces equipped 
with waste heat boilers produce less steam. 
The certain cause is the smaller volume of 
waste gas, owing to the smaller fraction of 
nitrogen; a possible cause is more efficient 
transfer of heat from flame to charge, 
which leaves less to be carried to the ex- 
haust system. 

3. Intimately connected with the fore- 
going is the fact that, for a given fuel flow, 
the flame is shorter with enrichment as a 
consequence of faster combustion. This 
changes the temperature pattern to the 
extent that the hottest zone is concentrated 
to a narrower range, with the result, in 
large furnaces at least, that the outgoing 
end is likely to be cooler than that of the 
same furnace without oxygen. 

4. There exists a furnace factor which is 
intimately associated with thermal effi- 
ciency. The items lumped in thermal effi- 
ciency are well known, yet at first glance it 
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may not be clear that, in general, as in- 
herent furnace efficiency increases, the 
potential gain from oxygen enrichment 
necessarily decreases. Thus, rate of produc- 
tion with oxygen might be increased by as 
much as 50 pct with one type of furnace and 
as little as ro pct or less with another, 
despite constancy of items such as type of 
charge, charging time, and grade of steel 
made. (Data for the old and new furnaces 
given in Table 3 may appear to the con- 
trary; however, attention is directed to the 
small number of heats. Even so, it is likely 
that a furnace may be so worn and clogged 
that oxygen enrichment is not capable of 
effecting complete rejuvenation. The gen- 
eral statement remains true, however.) 
Returning to the matter of an all-oxygen 
shop, much more is involved than supplying 
an adequate amount of oxygen, assuming 
that an existing shop is being considered 
for conversion. If the potential gain— 
whatever it might be for a given type 
furnace—is to be achieved, there must be 
no charging delay, and especially no scrap- 
charging delay. Each increment of in- 
creased production requires a corresponding 
increase in the number of charging boxes 
handled per unit time; ordinarily this 
means increased probability of delay. From 
here on, speculation can proceed in either 


of two directions; that is, on production of 


the same ingot tonnage with a reduced 
number of furnaces or on production of 
increased tonnage. This discussion is con- 
fined to the latter. Then, in addition to 
more charging boxes to be handled per unit 
time, there are more ladles of hot metal, 
more molds, and so on. Many an existing 
shop could not maintain such accelerated 
tempo. Future shops, of course, could be 


suitably designed, but such is not a problem . 


of the moment. Restricting consideration 


to existing shops, to repeat, each type of 
furnace and each shop evidently must be 


treated individually. It appears that there 


is no single answer to the question of how 
much open-hearth pyoduction of the coun-— 
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try would be increased by the use of com- 
bustion oxygen; the amount is seemingly 
rather less than that which might be 
assumed by the unsuspecting reader of the 
popular press. 


SUMMARY 


1. In all, more than 400 heats were made 
with oxygen enrichment. Five‘different fur- 
naces were used. 

2. Furnace charges ranged from all-cold 
to those in which hot metal composed 60 
pct of the total metallic charge. 

3. Maximum rate of production was 
found to result from enrichment to the 
neighborhood of 27 pct average oxygen. 

4. Oxygen consumption ranged from 
about 1200 cu ft per ton for cold charges to 
about half that for high-metal charges. 

5. On specially supervised tests, produc- 
tion increases ranged from 20 to 50 pct; 
these were accompanied by fuel savings of 
10 to 25 pct. However, gains were markedly 
less for unsupervised heats extending over 
nearly a furnace campaign. 


6. Differences of production increase 


caused by oxygen enrichment are ascribable 
to furnace and shop factors. 

7. It follows from item 6 that each type 
furnace and each shop must be considered 
individually. 

8. It appears that over-all rate of routine 


_ production with oxygen would be less than 
_ might be indicated by results of tests con- 


ducted under special conditions. 


REFERENCES 


1. H. C. Bigge: U.S.P. 1,513,735. (1924) 

2. PF. W. Davis: The Use of Oxygen or Oxygen- 
ated Air in Metallurgical and Allied 
Processes. Rep. of Invest. 2502, Bur. of 
Mines, Washington, D.C., (1924). 

3. AIME: Use of Oxygenated Air in Metal- 
lurgical Operations. Abstracts of Sym- 
posium Papers, N. Y. (1924). 


. DISCUSSION 
(C. R. Taylor presiding) 


C. R. Taytor—Thank you ‘very much, 


Mr. Marsh, that was an excellent presentation. 


I realize that this type of paper is one which 
has greater interest to operating men, perhaps, 
than to metallurgists, but I am sure we have 
enough operating men here to bring out some 
interesting points. 


C. E. Smus*—I am not an operating man, but 
I was very interested in the statement made 
by Mr. Marsh that the refractories did not 
seem to suffer because of the oxygen-enriched 
air. 

I recall that about 20 years ago the popular 
topic on open hearth operation was insulation. 
When that was proposed, there were many dire 
predictions that if one attempted to insulate 
the furnace, the refractories would suffer terri- 
bly—the walls would burn down. Of course, 
that did not happen. 

And the same thing now seems to be true of 
the oxygen-enriched air. The somewhat higher 
flame temperature does not appear to damage 
the refractories as long as there is something to 
absorb the heat. Apparently, the damage to 
refractories comes only when the whole furnace, 
bath and all, gets up to excessive temperatures. 
As long as there is cold metal there to absorb 
some of the heat, the extra flame temperature 
apparently can be handled without damaging 
the refractories. 

Mr. Marsh brought out one other point 
which I think is extremely important in evalu- 
ating any of these factors. It is the virtual 
certainty that there will be an improvement in 
operating results, even in normal operations 
while a test is going on. 


C. R. Taytor—Perhaps I could open up 
the meeting a bit by giving some of our own 
experiences at Middletown. We operated one 
furnace on oxygen to the flame, trying various 
burner types and designs, and came very much 
to the same conclusions to which Mr. Marsh 
has come. The entire scheduling of the heats is 
necessarily stepped up; the rate of melting the 
scrap is such that the additions of hot metal 
have to come a lot faster; and in general the 
heats are much more sensitive to charging 
delays. 


MicHaAet TENENBAUM}—I do not think this 
paper should go by without Mr. Marsh’s being 
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complimented for a very excellent presentation 
and for a very fine manipulation of a very 
difficult subject. 

I have just one question I would like to ask. 
We found in our experience that with use of 
oxygen-enriched air we had a considerable in- 
crease in temperature gradients from the top 
to the bottom of the solid material charged 
within the furnace. This was especially evident 
in ore heats. I would just like to know if you 
had a similar experience. 


J. S. Marsa (author’s reply)—I think it is 
true that there is a sharply increased tempera- 
ture gradient. The top of the charge is hotter, 
and necessarily so. But owing to the fact that 
we cut off enrichment about the time of hot 
metal addition, the effect disappears. The 
behavior seems to be just about as usual from 
there on. Sometimes there is some indication— 
how good it is I do not know—that because of 
the faster melting one gets the illusion that 
such heats are a little bit hotter, but I do not 
think they really are. They seem to be the 
same as usual by the time the heat is melted. 


C. R. Taytor—I- think sometimes the 
efficiency of a silica roof has been somewhat 
underrated. We had occasion some years ago to 
install a silimanite roof. We were able to operate 
at about 200° higher roof temperature but 
found that we did so without increasing pro- 
duction. We attributed this effect to the rela- 
tively high reflectivity of a silica roof, which 
might account for its lack of damage with use 
of oxygen. 


J. B. Wacstarr*—I would like to congratu- 
late Mr. Marsh for his very excellent paper, but 
I would like to ask him one further question, 
and that relates to the curve he showed for the 
fuel consumption of the furnace. 

Over in England, the works of Leckie and 
others have shown both on the actual operating 
open hearths and on a model furnace, that if 
you plot fuel consumption in whatever units 
you choose against output, you actually get a 
curve that goes through a minimum. 

I am wondering whether the curve you 
showed for the use of oxygen—where you 
showed, I think, that the fuel decreased and 
then increased again—was in fact because you 
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were varying the rate of working. I wonder 
whether you have any data showing fuel con- 
sumption as a function of output for oxygen 
and the oridinary heats, because I feel without 
taking output into account, that the fuel con- 
sumption may be misleading. 


J. S. MarsH—That is true. We have all kinds 
of numbers on just that sort of thing. I think 
it is the experience of everybody that the faster 
the rate of operation for a given furnace, the 
lower will be the fuel rate. I think that that factor 
was wiped out on these numbers because the 
furnace was working against itself on the oxy- 
gen vs. non-oxygen heats. On the non-oxygen 
heats it was working faster than usual, so its 
fuel rate was lower than usual. That was one 
of the reasons why we chose, in making 
these comparisons, to make the furnace 
work against itself rather than as it had been 
doing previously. 

I think your point is certainly well taken— 
that that must be taken into account—but I 
contend that it was taken into account. 


T. S. WasHpuRN*—I, too, would like to 
compliment the author on his extremely ex- 
cellent and pertinent paper. It was very 
comprehensive. 

I do not know whether he brought in the 
point in connection with the effect of this 
combustion oxygen on the scrap and hot metal 
ratio; in other words, one expects an increase in 
scrap as a result of the faster melting and less 
oxidation of scrap. Did you find that? And 
was there any percentage determined on that 
ratio comparing your non-oxygen with your 
oxygen heats? 


J. S. Marsu—That was one thing we ex- 
pected, and I am glad you brought it out, 
because in attempting to save time I deleted 
something that should have been said. 


The oxygen consumed for the best over-all — 


results depended on the fraction of solid mate- 
rial in the charge. It ranged in these 400-odd 
heats from about 1200 cft for the all-cold 
charge down to about half of that for the scrap 
hot metal ones. - 


When it comes to the point about which you’ 


are talking, we had some indication that with 
the faster melting there was less oxidation; 


*Tnland Steel Co. 


bile 


DISCUSSION ot 


heats were melting rather high and we had to 
up the ore charge a bit. On the whole, the 
difference was not as much as we expected to 
find. The results are not too clearcut, but I 
think it is true the faster melting heats do 


tend to melt higher on the same ore charge, if 


that is what you meant. 


F. G. Norris*—That is right, about the 
effect of melting rate with the same ore 
charge. At first thought you could reason with 
some justification either to increase or to de- 
crease the iron. You could say for more oxidiz- 
ing conditions you have to charge a little more 
iron. But apparently that is not the case. The 
melt seems to be a function of the time of 
exposure. The faster melting time more than 
offsets the effect of the increased oxidizing 
atmosphere. So the tendency on these heats 
with oxygen for scrap melting is for the heat to 
melt a little higher for the same charge. 


J. S. Marsa—I am glad to have that 
confirmation. 
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C. E. Srmms—Is it a more oxidizing at- 
mosphere? 


J. S. MaArsa—No, I should say it is not. 


C. R. Taytor—I can offer more confirma- 
tion. We also had higher melts when we 
first started using oxygen, simply because the 
scrap was exposed to the oxidizing flame for a 
short time. 

Mr. Marsh mentioned an optimum density 
of the charge. There definitely is an optimum 
density. It is possible to get the charge density 
too high, resulting in a loss in heat time. 


F. G. Norris—Just one correction. In 
speaking of more oxidizing conditions I had 
reference to jet melting. Of course, using burner 
oxygen all you are doing is burning more fuel. 
The use of a jet or lance to melt down scrap 
does increase the oxygen in the furnace at- 
mosphere, but still does not increase the pig 
iron requirements. 


The Role of Thermochemical Factors in Basic Open Hearth 
Production Rate 


By T. E. Browrr* anp B. M. Larsen,* MemBpers AIME 
(San Francisco Meeting, February 1949) 


INTRODUCTION AND SUMMARY 


By ‘thermochemical factors” we refer 
to those variables which affect the net 
heat which must be put into the bath in 
order to make a heat of steel from any 
given set of charge materials. This is ad- 
mittedly only one phase of the production 
rate problem. The whole problem includes 
also consideration of rate of charging, 
flame radiation intensity, rate of optimum 
fuel input obtainable without undue 
damage to the furnace structure and any 
variations in conditions such as stirring, 
slag volume or viscosity which affect the 
rate at which heat can flow down and 
away from those exposed surfaces where 
the heat is first received from the flame. 

Because a given type of charge in a shop 
is often considered as being nearly con- 
stant in both physical and chemical char- 
acteristics from one heat to another, and 
because such a state of affairs may be 
thought of as resulting in a reasonably 
constant net heat requirement, this re- 
quirement is usually neglected as an invari- 
able, inevitable matter, about which 
nothing can ‘be done. With normally 
variable charge, and variable percentages 
of limestone and cold pig, however, the net 
heat requirement can be subject to very 
appreciable change; it may also be affected 
by such things as the currently popular 
procedure of blowing oxygen into the bath. 
To bring the general problem of production 
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rate into better perspective, therefore, it 
seems worthwhile to try to evaluate the net 


bath heat requirement and the amount by 


which it may change through variation in 
different factors. Because our calculated 
values of net heat are admittedly uncertain, 
we have tried to check them in part by 
statistical data on actual production rates 
over rather large groups of commercial 
heats. 

The results of calculation of net heat 
requirements in a wide range of actual 
commercial practices may first be summar- 
ized briefly. We find a wide range between 
the extremes of different practices, as 
would be expected, with duplex practice 
(essentially blown metal plus hot metal) 
having essentially a zero net heat require- 
ment, an all-cold charge practice somewhat 
over 1 million Btu per ton of steel and a 
high hot metal practice about 0.75 million 
Btu per ton. Over the commercial range of 
scrap plus hot metal practice, increasing 
the percentage of hot metal from 4o to 
78 pct, with other factors nearly constant, 
decreased the net heat by only some 5-10 
pet. The net heat is increased by about 1.2 
pet for each 1 pct of the metallic charge 
present as cold pig. Calculated values of 
oxygen supplied by air varied from about 
25 up to 60 lb per ton of steel, and in a 60 
pct hot metal practice, an increase from 32 
to 52 lb oxygen from air decreased the cal- 
culated net heat from 0.88 to 0.74 million 
Btu per ton. Use of pure cold oxygen to 
substitute for about one half of the total 
charge ore (about 28 lb oxygen replacing 
145 lb ore per ton of steel) decreased the 
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calculated net heat from 0.79 to 0.53 
million Btu per ton or about 33 pct. Ina 
40 pct hot metal practice, decreasing the 
limestone from 190 to 120 lb per ton also 
decreased the net heat by calculation from 
0.96 to 0.79 million Btu per ton. For the net 
heat from charge to melt, upon which 
approximate values of net fuel efficiency 
may be based, a chart is given showing 
approximate net heat requirements based 
on carbon at melt and amounts of limestone 
and cold pig in the charge, assuming that 
total oxygen absorbed from air or gases is 
close to 40 Ib per ton of steel. 

Studies on production rate tend to fulfill 


_ the expectations based on these calculated 


net heat values. It is shown that in any 
reasonably well controlled practice, the 
time of heat will vary by 40-50 pct even 
for the same or similar grades of steel, and 
we estimate that about 35 to so pct of this 
variability is probably related to change in 
net heat requirement. Change in percent- 
age of hot metal caused little effect on 
average production rate. Increasing lime- 
stone or cold pig in the charge increased 
the time of heat by about half of what 
would be expected from corresponding 
effects on net heat requirement, indicating 
a probable compensation caused by im- 
proved heat absorption from flame to bath 
or charge respectively. The substitution of 


_ light for heavy scrap and the occurrence of 


decreased feed ore requirements or of lower 


carbon at melt, variables which are proba- 
bly all related to increased air oxidation, 
- caused a decrease in time of heat of about 


what we should expect on the assumption 
that their effects are related essentially to 


change in net heat requirement. 


Heat BALANCE CALCULATIONS 


The net heat requirement of the bath, 
which is defined as the net difference be- 
tween the sum of all the various items of 
heat carried in as sensible heat or evolved 


q by exothermic reactions, and of heat ab- 
sorbed, requires a complete heat balance 
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calculation for that system which is 
bounded by the surfaces of charge and 
molten slag and metal. Since the method 
of calculation, as well as part of the data 
and calculations used here, have already 
been presented in some detail by Darken! 
in the book “Basic Open Hearth Steel- 
making,” it is unnecessary to give details 
here, though some mention of the assump- 
tions and uncertainties involved appears 
warranted. 

The method involves the following 
imagined sequence of changes: 

Hot metal is cooled to room temperature 
with its C, Si, Mn and P removed from 
solution, the net amount of ore to be re- 
duced is decomposed into Fe and Ons, 
CaCO; in charge is dissociated into CaO 
and COQObz; all these various chemical reac- 
tions are completed at room temperature 
and the products formed are. heated up to 
the various average temperatures at which 
they leave the bath. This cycle is thermally 
equivalent to the actual one in the furnace 
and permits the use of room temperature 
values for heats of reaction, these being in 
general most accurately known at this 
temperature level. 

The heat balance includes the following 
main items: 


Credits (or items of heat evolved or carried in 
to the bah): 


1. Sensible heat in hot metal (or any 
other heated materials such as blown bes- 
semer metal) entering the furnace. 

2. Net heat of oxidation of C to CO and 
COz, Si to SiOz, Mn to MnO, P to POs. 

3. Heat of formation of slag compounds 
(mainly 2CaO.SiOz and 3CaO.P20s). 

4. Sensible heat in oxygen (Oz) ab- 
sorbed into the bath from the hot gas space 
above it. 

5. Credit for that part of the heat of 
combustion of CO and Hz to CO, and H:0, 
respectively, over the slag surface which is 
returned to the bath. 


1 Reference are at the end of the paper. 
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Debits (items of heat absorbed or carried out 
in products): 
1. Sensible heat in steel and slag at tap. 
2. Sensible heat in gases, CO, H2, COzand 
H.O at the average temperature at which 
they leave the charge or slag surface. 
3. Heat required to change the net 


amount of ore reduced to Fe and Oy» or to — 


the FeO present in the slag, (this may be- 
come a credit if more iron is oxidized than 
reduced in the heat). 

4. Decomposition of CaCO; to CaO and 
COz. j 

' 5. Reduction of CO. from limestone to 
CO by C in bath. 
Since the larger items, specifically the 
. heat content in iron, slag and steel and the 
heat derived from the main chemical reac- 
tions, are known to quite high accuracy, 
the net heat from such a balance should be 
approximately correct in spite of its being 
a net difference between larger sums. There 
are, however, several uncertain items, the 
main ones being probably as follows: 

1. The average temperature at which 
oxygen enters (from gases), and COs, H2O, 
H. and CO leave, the charge or slag 
surfaces. 

.2. The average extent to which CO is 
oxidized to CO: in slag or metal and to 
which COz from limestone is reduced to CO 
before leaving the charge or bath. 

3. The percentage of the heat of com- 
bustion of the residual CO and Hy, burned 
just above the bath which is reabsorbed 
into it before these gases mix with the 
combustion gases and pass out of the 
furnace. 

We have assumed that all oxygen from 
air or combustion gases enters the bath at 
an average temperature of 2925°F and that 
the average temperature of gases leaving 
the bath is 2750°F. Carbon oxidized by 
FeO is assumed to form 10 pct CO: and go 
pet CO before leaving the slag surface; of 
all the COz from limestone, two thirds is 


assumed to be reduced to CO in the bath; 


20 pct of all water charged is assumed to be 


reduced to He. Out of the total heat of 
combustion of residual CO and Hz over the — 


bath, 20 pct is assumed to be reabsorbed. 
Considering probable partial cancellation 
of positive and negative errors and the fact 
that most of the larger items are known 
rather accurately, we estimate a probable 
error of not more than 15 pct in this 
method. These assumptions imply that our 
understanding of this rather complex 
thermochemical process is not seriously in 
error. Some decrease in uncertainty might 
be obtained from extended sampling and 
analysis of gases leaving the bath in (1) the 
ore boil; (2) the lime boil; and (3) the 
refining periods. A little work along this line 
has been done but more extended research 
appears desirable since it would also tend 
to amplify our general knowledge of the 
process. — 

As an initial example of such net heat 
calculations we give (Table 1) three bal- 
ances which include the approximate ex- 
tremes in American open hearth practice. 
(The reader is again referred! to “Basic 
Open Hearth Steelmaking” for most of the 
details of thermal data, method for mate- 
rials balances including an oxygen balance 
from all sources, and calculations of weights 
of various gases and slag formed). This 
tabulation indicates a net heat require- 
ment of 770,000 Btu per ton of steel for 
high-iron practice with 78 pct hot metal, 
which increases to only 1,060,000 Btu per 
ton for an all-cold charge practice at 33 


pet cold pig iron. The latter practice in-. 


cludes much smaller credits, such as no 
heat from hot metal and less heat from 


exothermic reactions, but it also has a 


smaller total of debit items because of 
smaller weights of slag and gases, less ore 
decomposed and the use of burnt lime in 
place of limestone. 

In practice, the fuel consumption with an 
all-cold charge is frequently higher and pro- 
duction rate lower than in hot metal shops, 
but this difference is quite small in some 
cases. Besides the higher net heat require- 
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ment of the cold charge heat, it usually has 
the additional handicap of a relatively 
larger mass of scrap to be charged; if this is 
mostly light and miscellaneous scrap a 
longer charging period is (more or less) 
inevitable. On the other hand, the cold 
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Thus the fuel consumed, which is approxi- 
mately one-half of that used in normal 
practice with scrap and hot metal, is en- 
tirely used up in maintaining the melting 
chamber at 2950~-3000°F. In practice, the 
charge-to-tap time in duplex heats is usu- 


TABLE 1—Heat Balance for Three General Types of Charge 
ne sees ce a a ee er Se 


I 2 3 


H All-cold _ Duplex Charge 
eee a So Charge Liquid Metal 82 Pct 
33 Pct Pig Hot Metal 17 Pct 


Million Btu Per Net Ton Steel in Bath 


Credits (heat evolved); 
I. Sensible heat in hot or blown metal........... 


Si— Si 


POF POO) pe cordon Bit hie: oie ctetolene alone sates ee oeeat 

3. Heat of Formation in Slag: 
2@a@ SiOz and 3CAO. PLO sieve srs oo s.ciresid os alse 
4. Sensible heat in O2 supplied from air.......... 
5. Heat of combustion of CO and Hz over slag at 
OS ChCHICIETICY cin cific, ete oir Ce ele « bieyece cee soles 3 


MLO TL CLECLILSE or sce yerelel ai ciate suatocscelevelhete »/s)ePerey. «edeaar 


’ Debits (heat absorbed): 


Dem eAT MuSteel rat, GAs oct eet cfereieteielsint inchs <r-lets 
ELE EL GLAD yen Rae ord Maree od Heke WN Oe eed hohe 
EAapIeSlAgertaEk Mirciatine oe cares At winners sat Malenaicrs 

2, Pleat in gases leaving bathi,.../...-s eee ree be 

3. Heat of decomposition of ore and H2O0........ 

4. Heat of decomposition of limestone.. 

5. Heat of reaction of COz from stone with carbon.. 


“Ronit GE oui ieee 4.o/ Serta Se ORE aCn Mee CREO 
fetmequirementrivom fuels... 5... ce we cele ones 


0.75 7,16 
0.28 0.15 0.06 
0.14 0.11 0.06 
0.09 0.05 0.06 
0.06 0.02 0.02 
0.05 0.03 0.02 
03 0.05 0.01 
0.14 0.05 0.02 
Pe54: 0.46 LeAt 
I.20 es Wye) 
0.15 
0.14 0.19 0.10 
0.18 0.05 0.02 
0.49 0.06 0.09 
0.09 
0.06 
2.31 1.52 1.43 
O77 1.06 0.02 


charge practice has an advantage in the 
high efficiency of heat absorption into cold 
scrap during charging and early melting 
periods. Thus, if the furnace is operated so 


as to give a high flame intensity with high . 


input rate plus efficient burning of fuel in 


the melting period, and there are facilities 


for charging rapidly enough to keep pace 


with the maximum available heat absorp- 


tion, a cold charge shop may obtain pro- 


7 


duction rates practically as high as in good 
hot metal practice, with fuel consumption 


only some 15-25 pct greater. 

The duplex practice shows a net heat 
requirement of only 20,000, Btu per ton, an 
amount well within the probable limits of 
error in the calculations so that we may 
consider that there is essentially no net 


heat absorbed into the bath in this case.. 


ally limited by the time needed to shape up 
the slag and adjust the final carbon content. 

These examples in Table 1 represent ex- 
treme variations in practice which would 
naturally be expected to change the net 
heat requirement. The more important 
question is that of whether much variation 
in net heat is present in a given practice 
with reasonably constant charge and op- 
erating conditions. We know that time of 
heat does vary even under such conditions; 
this may be illustrated by the fairly typical 
frequency curve in Fig 1, which represents 
the variation in time for charge-to-tap for 
a group of 320 heats, all of 0.05-0.08 pct 
C made for the same grade of steel in a 
single shop under constant ‘practice con- 
trol”? and normally constant. general shop 
practice. The spread here of from 9.5 to 
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14.5 hr, or 50 pct in charge-to-tap time, is 
no doubt caused partly by the various 
other furnace and operation conditions 
mentioned at the beginning of this paper; 


2 3 
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any given shop, which changes many ther- 
mochemical items in the heat balance. 
Table 2 gives balances for three heats with 
40, 60 and 78 pct hot metal, respectively. 


Fic 1—FREQUENCY DISTRIBUTION OF THE TIME FROM CHARGE TO TAP OF 320 HEATS OF 0.05 TO 
0.08 pcT C STEEL MADE UNDER CONSTANT PRACTICE CONTROL. 


the question is, does an appreciable part of 
such variability result normally from 
change in net heat requirement? 


RELATION BETWEEN PROPORTION OF Hor 
METAL OR CoLp- Pic AND Net HEAT 
REQUIREMENT 


Operating conditions commonly dictate 
a variation in proportion of hot metal in 


These three heats, which cover about the 
whole commercial range of hot metal per- 
centage, are nearly comparable in other 
respects, the only other significant differ- 
ence being a larger amount of air oxidation 
in No. 1 (discussed in a later section). We 
have therefore made an approximate 
correction in the bottom line to the net 
heat to adjust all three to the same amount 


TaBLE 2—Heat Balances for Various Percentages of Hot Metal in Charge 


Percentage of Hot Metal 


I 2 
40 Pct 60 Pct 


3 
78 Pct 


Million Btu Per Net Ton Steel 


Credits (heat evolved): 
1. Sensible heat in hot metal 
2. Heat of oxidation C + O2— CO and CO: 
Si — SiOe......... 


P — P05 
. Heats of formation in slag 
. Sensible heat in O2 from air 


AEwW 


Total credits 
Debits (heat absorbed): 

1. Heat in steel at tap 

run-off slag 


Heat in gases leaving bath 
Heat of decomposition of reduced ore and H20 
Heat of decomposition of limestone 
Heat of reaction CO2 from stone with C 


yees 


Net requirement from fuel 


hapiMaecfakey ttt fuid vie Nene Mle, 0 ies 


MPOtaL GOD en's - wshets ral oislarkstate este ata RNa ere 


Net heat corrected approximately to constant air oxidation 


A. rot ose hes 0.40 0.590 0.75 
0.13 0.20 0.28 

0.07 0.18 0.14 

0.05 0.090 0.09 

CPE SOLE Sree 0.03 0.04 0.06 
COMP SRE yt eric 0.02 0.04 0.05 
Licat aeneee te ee. by 0.04 0.03 0.03 
2 1b er cx ola he a Rena aes 0.08 0.11 0.14 
chit tekeit Sack bate hees. 3 0.82 1.28 1.54 
Pe Fo aoe 1.20 I.20 1.20 
era neh ant ae ok o.1 0.15 
1b Al's RGR OT OTS 0.18 0.1 0.14 
ee rae See 0.10 0.15 0.18 
via hdc LONNe chebehe + 0.01 0.30 0.49 
ACN im sis ofteeest ale 6 Fae 0.09 0.09 0.09 
Far es tata 0.05 0.05 0.05 
AP sh Shane yah Esk SEN Re ee 1.63 2.00 2.30 
vied at be eD he wale 0.81 0.81 0.76 
Siavatieteralete, ote oh .85 0.81 0.77 
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of air oxidation. In all three cases, the 
limestone charge is the same, 116 lb per 
net ton of steel. 

Generally speaking, the data indicate 
that difference in hot metal percentage has 


regarded as a rough check on the indica- 
tions of Table 2. If charging and handling 
of the larger scrap volume in the lower-iron 
practice is a limiting factor, production 
rate is usually slower than in high-iron 


rE THAN 15,00 


% OF TOTAL WO. 


COLD PIG 


e 9g Oi su 2 3 
TIME - CHARGE TO TAP - HOURS 
Fic 2—FREQUENCY DISTRIBUTION OF THE TIME FROM CHARGE TO TAP OF 135 HEATS WITH NO COLD 
IRON IN THE CHARGE AND 141 HEATS WITH 15,000 LB OR MORE OF COLD IRON. 


_a rather small effect on net heat require- 
‘ment. All three uncorrected values are 
within 5 pct, and after correction within 
io pct. With more hot metal, both the 
_ sensible heat in hot metal and the heat of 
~ oxidation of C, Si, Mn and P become 

larger on the credit side; but the greater 
heat contents of slag and gases leaving the 
bath, together with the heat of decomposi- 
tion of the larger ore charge (including its 
_ moisture content), almost neutralize the 
_ larger credits by increasing the debit side. 
EAs may be seen more clearly from later 
- discussion, this is only true for increase of 
hot metal when certain other conditions 
are present. These are: (1) Presence of 


about the same percentages of C, Si and P 


in the hot metal; (2)-flushing off all excess 
4 slag so that no heavier limestone charge is 
required for the higher-iron charge; (3) air 
oxidation remains about the same in 
amount; and (4) the composition of the 
charge ore remains about the same, par- 
. ticularly with respect to Si02 and moisture. 
: In general open hearth practice, the dif- 
ference in speed and fuel consumption 
between 40-45 pct and 60-65 pct iron 
‘practices are usually small enough to be 


heats. In some cases, however, with diffi- 
culties in excessive boils and increased slag 
volume related to the increased ore in 
charge, production rate may decrease with 
increasing hot metal percentage. In one 
plant study, three large comparable groups 
of heats with 60, 65 and 70 pct of hot metal, 
gave average charge-to-tap times of 9.72, 
9.80 and 9.82 hr, respectively, all within 6 
min., though the slight trend is opposite 
to that in Table 2. 

From Table 2, it is evident that partial 
substitution of cold pig for hot metal in- 
creases the net heat requirement, ~because 
there will be essentially the same propor- 
tionate effects on other items such as heat 
in gases leaving bath, but proportionately 
smaller compensating increase in the sensi- 
ble heat carried in by hot metal. This 
change will vary only a little with the 
temperature at which the substituted hot 
metal is delivered to the open hearth, so 
that the net effect will be rather close to 
o.o1 million, or 10,000 Btu per net ton steel 
for each 1 pct of metallic charge substituted 
by cold pig; (or roughly 1.2 pct of the 
usual net heat requirement). 

Fig 2 shows the frequency distribution 
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of time of heat for 135 heats with no cold 
pig as against 141 heats with from 15,000 
to 60,000 cold pig, (averaging about 25,000 
lb and equal to about 15 pct of the average 
hot metal charged).-There were no other 
appreciable statistical differences between 
the two groups. With no cold pig the aver- 
age time of heat is 9 hr 9 min. compared to 
an average of 9 hr 54 min. for the group 
with 15 pct cold pig. Similar comparisons 
from other data gave similar results; for 
example, substitution of 13 pct cold pig 
increased the average time of heat by 25 
min., and 28 pct cold pig by 49 min. Ina 
group of medium carbon heats, substitution 
of about 15 pct cold pig increased the 
average time of heat from 11 hr 2 min. to 
rt hr 48 min., or 46 min. In another group 
of low carbon heats, substitution of about 
13 pct cold pig increased the average time 
from 12 hr 2 min. to 12 hr 36 min. or 34 
min. Thus we have statistical comparisons 
_ from various shops which all agree to the 
extent of indicating an increase of about 2 
to 3 min. in time of heat for each 1 pct of the 
metallic charge as cold pig. 

This 2 to 3 min. represents about 0.45— 
0.65 pct of the usual time from charge to 
melt, so that the effect on production rate is 
less than the proportionate effect on net 
heat requirement, probably because of the 
fact that the cold pig is such an excellent 
absorber of lower temperature heat during 
melting.. This comparison reveals nothing 
very new, but the fact that the effect here is 
about what might be expected gives us a 
confirmation of the role of net heat require- 
ment in production rate in a simple case 
where secondary factors are unlikely to be 
significant. 


RELATIVE OXIDATION By AIR OR BY ORE 


The open hearth process is in general an 
oxidation process. For a given amount of 
silicon, carbon, or other element, to be 
oxidized, a certain weight of oxygen must 
be supplied, and whatever part of this total 
is not absorbed from the air into slag and 


melting scrap, must be supplied by charge 


or feed ore. The character of the scrap 
charge is probably the most significant 
factor affecting the amount of ‘‘air oxida- 
tion,” during melting. Experience shows 
that “light” scrap generally absorbs more 
oxygen as it melts than “heavy” scrap. 
The amount of excess air supplied with the 
fuel, and the rate of melting are other 
probable factors. 

Table 2 shows that with an increased 
supply of Si, Mn, and others, to be oxidized 
the credit heat items in the balance become 
larger, but if the oxygen comes from charge 
or feed ore, the heat required to decom- 
pose the ore neutralizes this gain so that 
there is no net reduction in heat require- 
ment, and even with the added sensible 
heat in liquid iron in higher iron charges, 
the total net heat is only slightly less. 

Air oxidation tends to remain approxi- 
mately constant in amount through the 
usual range of hot metal percentage; at 
around 40 pct hot metal it is usually about 
equal to the total oxygen requirement, so 
no charge ore is then required. If now as we 
increase the hot metal, we could increase 
the amount of air oxidation in proportion 
to the increased oxygen requirement, then, 
with the heat of decomposition of ore 
remaining negligible on the debit side and 
the sensible heat in the preheated oxygen 
from air increasing on the credit side, the 
net heat requirement for 80 pct metal would 
decrease rapidly to only about 10-15 pct 


of the usual value. Actually, however, | 


under the conditions existing in the melt- 
ing chamber, it is difficult to get even a 


small increase in air oxidation, and charge — 


ore must be added as the proportion of hot 
metal increases. 

In practice, an extra high or low amount 
of air oxidation is usually accidental, and it 


‘is difficult to find examples of actual heats 


comparable enough in other respects to 
illustrate the effect of this variable alone. 
The three cases in Table 3 are actual heats 
which approximate this condition. All 
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three charges were close to 60 pct hot metal, 
with the same limestone charge, and with 
certain other differences, largely balanced 
out between credit and debit items so that 
the amount of air oxidation (by calculation 
of oxygen balances) is the chief variable. 


Scrap classification as “light” or “heavy” 
is rather crude, but should conform roughly 
to the amount of surface area exposed to 
air oxidation. The large surface of light 
scrap favors increased rate of heat absorp- 
tion and thus tends to increase production 


TABLE 3—Sixty per cent Hot Metal Heats with Different Amounts of Oxidation by Air 


Oxygen from Air per Net Ton Steel 


I 2 3 
31.9 Lb 41.9 Lb 52.0 Lb 


Million Btu per Net Ton Steel 


Credits: 


Teesensiple beatin hot metal: o.. .cdins > Ge cee koe es 


2. Heat of oxidation C + O2— CO and CO:.. 


Si — SiOz..... 


Mn— Mno....... Bee 
Pia PaO eg boc, dele te pd 


32 
4. Sensible heat in O2 from air.......,......-..-- 
sceotieat of combustion CO, He over slag... cd. ise ce ce uieee eenee ee 


Debits: 


Temticat mustecl At taps cals wie Sen ecet ce ceke ts 


run-off sl 


[Aoi os BY =a Ban 5 are Ae Ri ie ioe caiog noe 
Heat inieases leaving bath. 0.0. «esas > 
Heat of decomposition of reduced ore and H20... 
Heat of decomposition of limestone............ 
Heat of reaction CO2 from stone with C........ 


REwD 


Atal] Ditceeaiene shitter eici aul o eager gat 
Net requirement from fuel..............02 022+ e eee 


MeMARTECILSe ar Weare a ie eo Bie cis ch ths eG, cya er dials Moe's 


Bt, Maevecsiy tone hints aes one 0.59 0.59 0.60 

0.23 0.20 0.23 

0.22 0.18 0.12 
PAR a Perc OTE ORE 0.05 0.09 0.07 
Pie ee es 0.02 0.04 0.02 
Ahn ath cae aed 0.04 0.04 0.03 
Slory ihe edltates otohels 0.02 0.03 0.04 

0.72 0.11 0.12 
ia dirs eet ieee ack eae 5220 1.28 1.23 
Pe Ai eee eee I.20 I.20 1.20 
Tae SEP Ete eves (s.8 oe Onlt 0.14 0.07 
Fee ee 0.13 0.16 0.16 
AE oie alae Fe 0.15 0.15 0.15 
Stel tra tita rai puagele (eS eon 0.43 0.30 0.24 
Ruta citer Se 0.09 0.09 0.09 
Mise earn femetin siege a3 0.06 0.06 0.06 
Ne eon ae 2.47, 2.10 1.97 
Sy a tees to tecare etiears 0.88 0.82 0.74 


a 


This variation was probably caused largely 
by the scrap charge; No. 1 had too pct 
heavy scrap, No. 2 a mixture of light and 
heavy, and No. 3, too pct of what was 
classified as light scrap. If we assume that 
these cases cover about the normal range of 
variation in air oxidation, this factor can 


alter the net heat requirement by about 


20 pet. 


PRODUCTION RATE WITH LIGHT OR 
HEAVY SCRAP 


In ordinary open hearth records we get 
approximate indications of variable air 
oxidation from factors such as: (1) propor- 
tion of light and heavy scrap; (2) amount 
of extra feed ore required; or (3) carbon at 
melt. No simple relationship exists for any 


. of these, but they should show a statistical 


trend with’production rate to conform with 


. the thermal effect of variable air oxidation. 


rate directly by shortening the melting 
period rather than indirectly by increased 
rate of oxygen absorption. On the other 
hand, light scrap is usually slower to 
charge, requiring longer periods with doors 
open into the melting chamber, and this 
should tend to lessen production rate. 

In one group of plant data the per- 
centage of total scrap present in the form of 
light scrap was an outstanding variable 
with respect to time of heat; between ex- 
tremes of go-100 pct and o-1o pet light 
scrap, there was about 60 min., or about 10 
pct decrease in average time of heat for the 
light scrap charges. In 160 heats from 


‘another shop, there was a difference of 


about 25 min. in average time between 
groups averaging about 8 pct and 37 pct of 
light scrap respectively. In a group of 275 
medium carbon heats, those averaging 
about 55 pct light scrap showed 25 min. 
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less than those averaging 19 pct light scrap. 
In another group of 310 low-carbon heats 
those averaging 66 pct light scrap had an 
average time of heat 15 min. shorter than 


BEGIN 


(9,900 BS. CHARGE ORE,_-° 
I7MIN| <—72 MIN 


HARGE SCRAP 


IG. SOOL BS. CHARGE ORE, 


AVERAGE VALUES FOR IOOHEATS WITH 90 TO 100 ph CNet SCRAP 


CHARGE SCRAP (sea RUN OFF TAP 
639% HOT METAL Php 
1% Si 165% Mn 
FIMSH FINISH FINISH 
re thcabairarenp auch TS Fahy HOT METAL RUN OFF 
\ 


Ze 
2 — 113 MIN 
| ——_———————_ 6/9 MIN. OR 10.3/HRS. 


AVERAGE VALUES pa IOOHEATS WITH OOTOIIO% HEAY f SERAF 


64.7% HOT METAL BEGIN 
88% Si 169% Mn HOT ME TAL 
/OOLBS LIMESTONE, FINISH FINISH 


(<————————_ 559 MIN OR 9.3/ HRS. 


delay in charging is avoided. From other — 
calculations on various light scrap heats 
we found that these heats do not always 
show a high proportion of air oxidation; 


GIN BEGIN 


CAAA MELT C=.64 
SIMINIA OL BS 


8.02 TONS/MELTING HR 


RUN OFF 


| 
8.81 TONS/MELTING HR. 


FIG 3—CoMPARISON OF THE AVERAGE TIME OF SEPARATE STAGES OF THE HEAT FOR TWO GROUPS OF 
© TO IO PCT AND go TO 100 PCT LIGHT SCRAP CHARGES. 


those averaging 42 pct light scrap. In one 
-group of heats there was no positive indica- 
tion, the difference being only a few minutes 
in favor of the lighter scrap charge. In 
spite of this exception, however, the data 
as a whole are rather conclusive in their 
indication of around 50 to 60 min. shorten- 
ing in charge-to-tap time between the ex- 
tremes of light and heavy scrap charges. 

Fig 3 shows average time of separate 
stages in heats (all close to 82-84 tons per 
heat) for two groups of o-10 pct and 90-100 
pet light scrap charges. Its significance is in 
the indication that the light scrap heats 
were 60 min. faster even though the charg- 
ing period was more than twice as long.* 
We are inclined to believe that this results 
largely from the predominant effect of 
extra air oxidation, as indicated also by the 
difference in average feed ore requirement. 
From the standpoint of production rate, 
very light and even rusty light miscellane- 
ous scrap is good charging stock if excessive 


* These heats were all made in furnaces 
fired with natural gas; foamy slags are more 
predominant in such practice and certain 
factors such as the time between hot metal 
and run-off may not be comparable to a 
practice using driven fuels. The comparison 
here is between two groups both under almost 
identical average practice conditions, however. 


this may be because the scrap charge 
melts down so rapidly that there was not 
sufficient time for absorption of extra 
oxygen. However, the rapid melting rate in 
itself probably speeds up production rate 
directly, to make up for the lack of indirect 
effect by extra air oxidation. Incidentally, 
in the heats of Table 3 above, the charge- 
to-tap time of No. 1 was 12 hr 15 min. 
where that of No. 3 was 9 hr 25 min. 


RELATION BETWEEN EXTRA FEED 
ORE AND CARBON AT MELT AND 
PRODUCTION RATE 


Shop practice commonly aims at an 
adjustment of ore in the charge which 
gives at melt an excess of carbon of around 
0.50 pct. When this condition is obtained it 
usually means that a moderate amount of 
feed ore, perhaps 10-15 thousand lb, is 
needed to complete the oxidation. If the 
carbon at melt is higher, more feed ore is 
needed; if lower, only a few thousand 
pounds or no feed ore at all, will be required. 
When. carbon at melt and feed ore require- 
ment are either unusually high or low, one 
or both of the following factors is normally 
responsible: 1. The ore charge was incor- — 
rectly adjusted to the oxygen requirements — 


of the excess Si, C, Mn and P present in the 
heat. 2. The amount of air oxidation was 
above or below its average value. 

The first condition has essentially no 
effect on the net heat requirement of the 
bath over the whole heat. If the ore charge 
is too small, melt carbon is high and extra 
- feed ore is required; the melting period is 
_ shorter and the refining period is longer. 
Conversely, with too much charge ore and 
melt carbon and feed ore low, the melting 
period is long and the refining period short, 
but as regards any effect of net heat re- 
quirement, we should expect the total 
time of heat to be essentially the same in 
both cases. The second factor has a marked 
effect on net heat requirement, however, 
as shown in Table 3. Therefore, when an 
unusually low amount of feed ore and 
carbon at melt is, partly or wholly, the 
result of an abnormally high amount of air 
J oxidation during melting, we should expect 
the total time of melting and finishing to be 
shorter, resulting in some increase in pro- 
duction rate. 

Four groups of heats divided on the basis 
that the amount of feed ore was above or 
below average, showed an increase in 
average time of heat for the high feed ore 
subgroups of 18, 12, 10 and o min., 
respectively. Since the low feed ore sub- 
groups did not have a longer average 
charge-to-tap time in any case, these 
results appear consistent with the con- 
siderations outlined above. 

These results have helped to explain the 
rather puzzling fact that out of a number 
of comparisons of charge-to-tap time 
between groups of high and low melt car- 
bon heats, some comparisons showed defi- 
nitely faster production rate for lower melt 
carbon heats, with about an equal number 
showing a negligible or no difference. It 
seems probable that this difference in ef- 
fect depends on whether the melt carbon 
variance is mainly caused by factors (2) or 
(1) above, respectively. 
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EFFECT OF OxYGEN BLOWING ON 
Net Heat REQUIREMENT 


In connection with the effect of variable 
air oxidation, it may be of interest to cal- 
culate the effect on net heat requirement 
of the currently popular innovation of 
blowing pure oxygen into the bath. In 
Table 4 the 60 pct hot metal heat in col. 1, 
with charge ore weight of 26,500 lb gave 
the oxygen balance shown in Table 3A in 
Colyte 


TABLE 3A—Oxygen Balance 


z 2 


Total Lb Oxygen 
Per Hea 


Regu- | Gaseous 

lar Os: for 

Prac- | Part of 

tice Ore 
Oxygen out: 
Oxygen leaving bath in COz..... 1,906 
Oxygen leaving bath in CO...... 6,040 | (Same as 
Oo in slags as SiO2 from Si...... 1,457 | in regular 
O2 in slags as MnO from Mn.... 665 | practice) 
Oz in slags as P2Os from P...... 418 
Mofalu©s Outre cttw ii ately oie 10,486} 10,486 
Oxygen in: 

Ore reduced to Fe... ...2.% 2... 0s 2,370 304 

Ore reduced to FeO in slags..... 8II 664 

In COz2 from limestone.......... 3,057 3,057 

In water reduced to He......... 390 3Il 

Total O2in from charge...... 6,628 4,336 
Oxygen from gases over bath....| 3,858 3,858 » 

Oxygen from O: gas blown in.... 2,292 

Total Osim wie ofetatetorote rs tenyrey 10,486 | 10,486 


—— OO 


For comparison, we now assume that 
12,000 lb of ore are omitted from this same 
charge, with a proportionate reduction in 
SiO» charged, giving a smaller run-off slag 
but the same weight of final slag and the 
same limestone consumption. Assuming 
also that replacement of the oxygen from 
this 12,000 lb of ore with pure cold oxygen 
injected somehow into the bath will leave 
the same amount of air oxidation, we find 
from the oxygen balance in Table 3A, col. 2 
that about 2300 lb of oxygen will have to 
be effectively introduced into the bath 
during one or more blowing periods in the 


| Ss 
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heat (or about 325 ft* of pure oxygen per 
ton of steel). 

The heat balances for these two cases are 
given in col. 1 and 2 of Table 4. The credit 
items are unchanged but the 2300 Ib 


net heat requirement. This case may 
approximate somewhat to an approach to 
maximum use of oxygen, but this is un- 


‘certain, since we have still substituted for 


only about half the total ore charge. 


‘Taste 4—Heat Balances for Typical 60 pet Hot Metal Heat, Also with 12,000 1b Ore 
Substituted by Equivalent Cold Oxygen 


Credits: 


t: Sensible heat'in hot metal...) .. ss a. 2s oes v cre wales 


2. Heat of oxidation, C —~ CO2 
C= COR. 


3. Heats of formation in slag 2CaO.SiO2 and 3CaO.P20s......... 
4. Sensible heat in oxygen from air..............5 
5. Heat ,of comb. of Hz and CO over bath at 20 pct eff.......... 


Motal i Cre ies sigs oi aiaysi.o: 00dsaerg folktle wyaiaileie ate oto he es 


Debits: . 


Epensiple neatiin Steels «cave vc 4, alsyste covwrsre ote cela iey= 
Sensible heat in run-off slag......:.........+05- 
Sensible’ heat in tap slags.....0..¢2-. eh escewses 

a MeaRtian gases leaving Dathiint couse ack sabe ome 

. Heat of decomp.-reduced ore and H20.......... 

, aleat of decomp. of limestone 6 iscuc nce ule ov ee es 

. Heat of reaction COz and C + 2CO............ 


PL OFAL CODES oie, 8 tose FASE AT Sole vater stove hyine clase eieveve 
Net-requirement trom fuel | 52steaiots oo tito. ave ciaiieely 
BVIPMOK BLOOMED ACR S cat ss. teased etary Wustereld forces tatata sore 


AbWh 


Million Btu Per Net Ton Steel in Bath 


Regular Ore } Part of Ore Substituted 


Practice by 2300 Lb Cold Oz 
Me orate css a eal 0.62 0.63 
0.05 0.06 
0.14 0.14 
0.20 0.21 
0.08 0.09 
0.04 0.04 
0.05 0.05 
edigate Srl Naber 0.03 0.03 
0.12 0.11 
Ae rae ee ie 1.36 
Ashlie ieee ime fe T.23 
LWtege so stek 0.14 0.10 
a teh Seoteie 0.16 0.16 
a) 5) eicaitonas Seats 0.16 0.14 
See ah aioe net 0.30 0.11 
Be ie Pee 0.08 0.09 
u.ataty oeeeehfaans 0.05 0.06 
sce yet OSTA OURS ey 1.89 
ee ee ere 7 oO. 


3 
83.5 net tons 


gaseous oxygen substituted for 12,000 lb 
of ore (out of the original 26,000 lb) de- 
creases ‘the heat in slag and especially the 
heats of decomposition of ore and its in- 
cluded water content to reduce net heat 
per ton from 790,000 to 530,000 Btu, a 
reduction of 33 pct. Ore saved amounts to 
6 tons, but there is a resultant loss of 2.5 
tons of finished steel. For a probable oxy- 
gen consumption of 28-35 lb per ton we 
obtain a probable fuel saving of at least 
20-30 pct and it would appear probable 
that rate of production would increase by 
about 30 pct or more. These gains would 
be balanced against the cost of oxygen plus 
the lower iron recovery from reduced ore 
and any increased labor and refractories 
costs incident to such treatment. We give 
this comparison merely to indicate the 
relationship between oxygen treatment and 


PRODUCTION RATE vs. CHARGED 
LIMESTONE 


Extra limestone in the charge causes a 
number of changes in the thermal balance; 
more slag is formed, more reaction between 
CO: from stone and carbon and less oxida- 
tion by ore occurs, besides the increased 
heat required to decompose the limestone. 
The net effect, being a little complex, can 
best be illustrated by heat balances of 
comparable heats varying in amount of 
charged stone per ton of steel. The four 
heats in Table 5 are not exactly compara- 
ble, but are nearly enough so that the 
amount of stone charged is by far the 
biggest variable. On the debit side, we have 
increasing heat to decompose stone, (item 
4), more heat absorbed by the reaction 
CO.+ C—2CO during the lime boil, 
(item 5), increased heat content in slag 


eee Ata 
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(item 10), but less heat absorption by net 
ore reduced, (item 3; for heat 1 this is small, 
but this is because the amount of silicon 
charged was much lower, so that item 2) 
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charge of 82 and 105 lb per ton respectively, 
the average time of heat was about 54 min. 
longer in the high limestone group; the dis- 
tribution here however was such as to make 


NO. 
8 


TOTAL 


% OF 


INGOTS, RESPECTIVELY. 


on the credit side is also much smaller). 
On the credit side, since more carbon is 
oxidized by limestone, the amount remain- 
ing to be oxidized by air and ore is less and 
this credit item (2a) is less with larger 
stone charge. The total indicated effect on 
net heat requirement of about 20 pct is 
large enough so that it should have a 
noticeable effect on production rate. 

It is difficult to find groups of heats 
differing in limestone charge without some 


other variable present to complicate the 


picture; but we finally found two statistical 
groups, comparison of which apparently 
shows a true effect of stone charge. The 
best of these was a group of 350 heats which 


_ .divided almost equally into two sub- 


groups with 107-135 lb and 157-178 Ib 
respectively of charged limestone per ton 
ingots. The frequency curve of charge-to- 
tap time for each of these two subgroups is 
shown in Fig 4; the average time of heat 
was about 24 min. longer for the high lime 
group. In a similar comparison of heats 
between groups with an average stone 


g 
TIME - CHARGE TO TAP - E 


Fic 4—FREQUENCY DISTRIBUTION OF THE TIME FROM CHARGE TO TAP OF 350 HEATS DIVIDED 
INTO TWO NEARLY EQUAL GROUPS, WITH 130 AND 165 LB OF CHARGED LIMESTONE PER TON OF 


- 165 TON 
LIMESTONE 


us suspect that the true effect of the stone 
charge variation. was somewhat less, 
probably 30-40 min. Thus in these two 
instances, the probable effect on production 
rate is only about 5 pct, for differences in 
limestone charge which should affect the 
net heat requirement by about 8-10 pct, 
according to Table 5. However, such a 
qualitative check, which is about all that 
can be expected from such data, is enough 
to confirm the effect on production rate 
indicated by the thermal changes with 
higher stone charges. 

Stirring produced by the lime boil after 
the ore boil has ended helps to speed up 
heat flow into the bath, and thus probably 


‘neutralizes part of the thermal effect of the 


heavier limestone charge. This is probably 
especially true in any comparison between 
limestone and all-burnt-lime charges. We 
have calculated the balance for a hypo- 
thetical heat with the same charge as in 
case 1 of Table 1 (78 pct hot metal), . 
except that equivalent burnt lime was sub- 
stituted for the limestone charge (which 
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was 117 lb per ton) and the weight of 
charge ore was increased enough to‘com- 
pensate for the oxidizing effect of the lime- 
stone, assuming that the amount of air 
oxidation would remain the same. Indi- 
cated net heat requirement was reduced 
from 0.76 million (Table 1) to 0.67 million 


time of the latter was 20, 23 and 4o min. 
longer, respectively. A large part of this* 
difference is probably related to an in- 
creased net heat requirement, which is 
difficult to estimate with any degree of 
accuracy from data available at present. 
Heats needing extra feed lime usually have 


TABLE 5—40-44 pct Hot Metal Heats with Different Amounts of Charged Limestone 


Lb Limestone per Ton Steel 


(1) 
118 Lb 


(2) 
133 Lb 


(3) 
171 Lb 


(4) 
t90 Lb 


Million Btu per Net Ton Steel 


Credits: 
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4.. Heat to decompose limestone............++e0+- 
5. Heat of reaction CO2 from stone with C......... 
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Btu per net ton. This indicated reduction 
of about 12 pct has not been reflected in 
equivalent gain in production rate in tests 
on burnt lime charges, though these tests 
may not have been complete enough to 
show accurately the true effect of burnt 
lime substitution. However, especially with 
low to medium limestone charges, stirring 
and resulting faster heat flow may very 
largely offset the increase in net heat 
requirement. 

The production rate of heats with extra 
feed of burnt lime or limestone tends to be 
lower than that of heats requiring no such 
feeds during the finish melting or refining 
periods, independently of variations in 
charged limestone. In three groups of heats, 
comparison of those with no feed lime with 
those requiring some extra lime (averaging 
_ 22-2500 lb on heats of 130-145 tons), 
showed that the average charge-to-tap 
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a higher silicon charge and a larger slag 
volume, so that the net requirement 
probably averages 5 to 1o pct larger. Part 
of the decreased production rate on such 
heats may be related to delays in working 
S or P, or others, but the increased heat 
requirement of the larger slag volume is 
also involved. 

Fig 5 is included merely to illustrate the 
cumulative effect of several of these varia- 
bles in the charge on time of heat. Group 
A has a lower limestone charge with none 
or only a small amount of cold pig and no 
extra lime feed. Group B has a higher 
limestone charge, a larger average amount 
of cold pig, and required extra additions of 
lime. We have not attempted a complete 
statistical study such as would show the 
total effect of charge variables, but have 
done only enough to indicate that they are 
largely independent and thus may combine 


T. E. BROWER AND B. M. LARSEN 


_ to cause a rather wide variation in produc- 
tion rate on individual heats, as illustrated 
in Fig s. 


POSSIBILITIES IN CONTROLLING OR 
INCREASING PRODUCTION RATE 


A few other possible variables influencing 
production rate through variation in net 
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decreasing the average time of heat, any 
improvement in control over its variability 
would help, in most shops, to lessen the 
frequent occurrence of ‘‘bunched-up”’ fur- 
naces with so many heats ready to tap at so 
nearly the same time that normally ade- 
quate charging and pouring facilities are 
taxed beyond their capacity and poorer 
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me Fic 5—FREQUENCY CURVES SHOWING CUMULATIVE EFFECT OF THREE FACTORS, AS NOTED, ON TIME 


heat requirement, such as hot metal tem- 
' perature and total slag volume, probably 
3 have some small effect, but are difficult to 
_ trace from ordinary production or metal- 
lurgical records. Those discussed above 
represent the main variables of this class. 
_ As noted earlier, we have used statistical 
- comparisons of actual data merely to indi- 
 eate that variations in the net heat required 
- do give approximately the expected effect 
on production rate. More exhaustive sta- 
tistical work would show more exactly the 
- cumulative effect of these “thermal vari- 
ables,” but ‘even from our comparisons of 
simple frequency curves we can estimate 
that out of a usual 4 to 5 hr variation in 
- charge-to-tap time in any large group of 
similar heats, about 114 to 24 hr, or some- 
4 thing like 35-50 pct, at least, may be 
~ caused simply by variation in the net heat 
which must be poured into the bath to 
_ produce a batch of steel and slag ready for 
tap of block. 
In addition to the obvious advantage of 


FROM CHARGE TO TAP. 


practice as well as furnace delays may 
result. Many of the underlying causes are 
accidental and not entirely avoidable, but 
as soon as a furnace begins to get out of 
step with its ideal time schedule, this 
tendency can be offset by proper charge 
variation to gradually bring it back into 
line. For example, if it gets too fast, it can 
be fed with more cold pig and more heavy 
scrap until it is back on its regular 
schedule. 

Some appreciable gain in average pro- 
duction rate may also be possible in certain 
shops by methods such as: 1. Cutting down 
still further the average amount of cold pig 
charged in hot metal shops. 2. Diverting 
more heavy scrap to cold charge and low- 


‘ percentage-hot metal shops where blast 


furnace metal is more expensive, and using 
relatively more light scrap in “cheap hot 
metal” shops, or any other means that will 
increase air oxidation in the furnaces of 
such shops. 3. Further decreases in lime- 
stone charge in some shops to give slag of 


ers 
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minimum basicity ratio (2.0-2.5) in all 
heats where this is possible. 4. Cutting 
down SiO» and HO content of charge ores, 
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2475°F, which is about as high as we could 
normally hope to attain, the net heat re- 
quirement would be less by about ro pct 
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Fic 6—CHART OF APPROXIMATE NET HEAT REQUIREMENT OF BATH (NET USEFUL HEAT SUPPLIED BY 
FUEL) PER TON OF STEEL UP TO END OF MELTING PERIOD. 


silicon content of iron and lower SiOz 
from other sources to give minimum slag 
volumes. 

Some advantage is possible from higher 
temperature of the hot metal entering the 

furnace, but the effect is not very large. In 
' Table 2, the hot metal temperature as- 
sumed was 2275°F; if this were increased to 


in heat 3 (with 78 pct hot metal) and by _ 


about 3.5 pct in heat 1 (40 pct hot metal). 


Net HEAT REQUIREMENT FROM 
CHARGE TO MELT 
From the point of view of fuel combus- 
tion and net furnace efficiency, the refining 
period of the heat is relatively unimportant 


a a 


because the net heat in this period is usually 
_ only a small part of the total and is deter- 
_ mined largely by metallurgical factors. 
_ Usually about 75 to 90 pct of the total net 
_ heat has been absorbed by the time the 
heat is melted and it is in this period that 
factors affecting furnace efficiency, such as 
_ rates of fuel and air input and flame inten- 
_ sity, have their main influence. It is there- 
- fore of occasional usefulness to the fuel 
_ engineer to be able to estimate the useful 
heat absorbed up to melt in a single heat, 
or at least in a small group of heats. 

We have made calculation for a rather 
large number of actual heats (about 40-50) 
to obtain the net heat absorbed at melt, 
assuming that the bath temperature just 

after melt corresponds to a small, constant 
superheat (90°F) above the iron-carbon 
liquidus temperature for the given melt 
carbon. It was found that these values 
could be represented reasonably well in 
terms of: melt carbon, lb limestone per ton 
_ of steel, and per cent cold iron in metallic 
_ charge. 
There was one other fairly important 
_ variable, namely, the amount of air oxida- 
tion. This value is difficult to calculate, 
_ whereas those above can all be obtained 
_ easily from ordinary open hearth records. 
_ By correcting the values to an average of 
4 40 Ib oxygen per ton steel absorbed from 
gases, the lines in Fig 6 were found to 
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represent the values of net heat reasonably 
well (to within 5~10 pct). For example, in a 
heat with 140 lb CaCO; per ton in charge, 
no cold pig, and o.60»pct C at melt, net 
heat with normal air oxidation is about 
0.70 million Btu per ton steel. 

We are hesitant about presenting this 
chart because it is at best somewhat ap- 
proximate and because values for any one 
heat may give still larger errors (10-20 pct) 
mainly because the air oxidation is much 
below or above the above average value. 
However, it does help to picture the main 
variables. Also, it is frequently useful in 
fuel efficiency calculations, since the ap- 
proximate useful heat may be obtained 
easily from the open hearth heat records, 
and net furnace efficiency may be deter- 
mined if fuel readings “at start charge” 
and ‘‘at melt” are available. The uncer- 
tainty in such calculations may be large 
for one single heat but is probably small 
enough for many practical purposes when 
using averages of groups of 5-10 heats. 
(The upper lines for all-cold charges would 
be some to pct lower with burnt lime 
charges; we did not happen to have enough 
good data for calculations under such 
conditions. 
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Structure, Segregation and Solidification of Semikilled Steel Ingots 


By MicHarL TENENBAUM,* MEMBER, AIME 


(Chicago Meeting Oct. 1947) 


THE importance of semikilled steel as a 
high tonnage grade has long been recog- 
nized. The increasing severity of the appli- 
cations for which semikilled steel is used 
makes it desirable to obtain further infor- 
mation regarding the features of open 
hearth practice and ingot structure that can 
affect steel performance in subsequent 
rolling and fabricating operations. Accord- 
ingly, an investigation is being carried out 
studying the structure of various types of 
semikilled steel ingots. This paper reviews 
some of the observations made and infor- 
mation gathered in this investigation. 

By definition, semikilled steel may be 
considered to include all nonrimming steels 
in which the natural shrinkage occurring 
during ingot solidification is offset to an 
appreciable degree by gas formation. Ac- 
cordingly, this.type of steel includes the 
entire range intermediate between rimmed 
and fully killed steel. The resultant ingot 
structures range from those of steels that 
have been capped to suppress a weak rim- 
ming action to those steels that have been 
killed in the furnace or ladle to the extent 
that no mold deoxidizer is required. 

A survey reported to the 1946 AIME 
Open Hearth Conference! reviewed the 
practices being used at 28 major plants for 
the deoxidation of semikilled steel. It was 
found that most plants divide the deoxidiz- 
ing additions between the ladle and the 
mold—many of the plants adding only 
minor amounts of deoxidizer to the bath or 
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none at all. Silicon, aluminum and titanium 
were the only elements used for ladle and 
mold deoxidation. Mold deoxidizers were 
added as capping additions or as uniformly 
fed additions. Several practices were re- 
ported in which the steel was deoxidized in 
the ladle to the extent that little or no mold 
deoxidation was needed. No reference was 
made to grades capped by using special 
mold designs or special closures over the 
top of molds. Accordingly, specific examples 
of this type of practice will not be con- 
sidered in this paper. 

It appeared from this survey of deoxida- 
tion practice that semikilled steel can be 
divided into three types, namely, capped 
semikilled, in which aluminum is added 
near the end of pour or after shut-off, 
intermediate semikilled steels, in which 
aluminum is fed uniformly throughout the 
pour, and semikilled steels requiring no 
mold deoxidation. 

In an attempt to cover the ingot struc- 
tures obtained by the range of practices re- 
ported in the preceding survey, three series 
of experimental heats were made using 
increasing amounts of aluminum, silicon 
and titanium for ladle deoxidizers. The 
ladle deoxidizers were added as stick 
aluminum, 50 pct ferrosilicon and 20 pct 
ferrotitanium (4 pct carbon), respectively. 

Two methods of studying ingot structures” 
were used. Ingots were removed from pro- 
duction, burned longitudinally and ma- 
chined to allow observation of the central 
pipe and coarse blowholes. During the 
machining operation much of the finely 
porous subsurface structure was obliterated. — 
Accordingly, observations were also made — 


‘ 
of 
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on smaller sections burned from the outer 


edges of the same split ingots. These sec- 


- tions were machined, polished, and etched, 


bringing out clearly the subsurface struc- 


- ture. To supplement the information ob- 


ee ey ae ee ee ee Ney 


tained on the ingots, observations were also 
made of deep etched slab sections from all 
experimental heats. 

The split ingot faces were also drilled 
intensively to provide samples for chemical 
analysis. The results of segregation studies 
based on these analyses and sulphur prints 


will be covered later. 


REVIEW OF LITERATURE 


While a considerable volume of material 
has been published regarding ingot struc- 
ture, a very limited amount of information 
is available dealing directly with semikilled 
steel. Accordingly, many of the basic con- 


_ cepts regarding this type of steel have been 


derived by applying the fundamentals of 
solidification, segregation, and gas forma- 
tion that have been developed in studies of 
rimmed or killed steels. 

The comprehensive paper by Hultgren 
and Phragmen? includes an extensive 


bibliography that can be used for reference 


in any study of ingots in which gas is 
evolved. In the Second,’ Fourth,’ Fifth,® 
and Sixth® Reports on the Heterogeneity of 


"Ingots, examples of several types of semi- 


killed steel split ingots are presented. In 


‘the marginally deoxidized ingots of these 


reports it was shown that subsurface blow- 
holes form on certain types of semikilled 


4 steels and that these blowholes can origi- 


nate within the outer quarter inch of the 


b. ingot. The zone in which these holes 


existed was negatively segregated. The 
subsurface zone was located either through- 


_ out the length of the ingot or near the top, 
_ depending on the nature of the liquid steel 


deoxidation. Various top central and A 
segregate patterns on semikilled steel 


a ingots were shown in the British reports. 


The classic work of Hultgren and Phrag- 
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men? on rimmed steel ingot structure can 
be profitably applied to considerations of 
semikilled steels. This work set forth the 
fundamental factors governing gas forma- 
tion and the mechanisms determining 
observed features of ingot solidification 
and segregation. Hultgren and Phragmen’s 
clear demonstration of the primary roles 
of carbon and oxygen in gas evolution from 
rimming steel ingots can be applied with 
few modifications to the freezing of any 
ingot that tends to evolve observable 
amounts of gas during solidification. Fol- 
lowing are some features of the Hultgren 
and Phragmen paper that can be applied 
to solidification of semikilled steels: 

1. The gas evolved from rimming ingots 
is largely CO resulting from the carbon- 
oxygen reaction. The rate of gas evolution 
is necessarily affected by the carbon and the 
oxygen contents and the resultant gas 
pressure. 

3. Gas bubbles that form during the 
solidification of the outer rim can be swept 
away by motion of the liquid. Moreover, 
bubbles can rise out of the seat in which 
they form simply by growing large enough 
to cause the gas to “float away.” 

3. Blowholes appear in the solidified 
ingot when the amount of gas formed is not 
great enough to result in the vigorous 
motion of the liquid metal needed to sweep 
gas from the original bubble seat. The 
exact shape of the residual blowhole de- 
pends considerably on the effectiveness of 
the sweeping action. 

4. The reaction between the CO in gas 
bubbles and the carbon and oxygen of the 
surrounding liquid probably proceeds near 
equilibrium. 

5. Two distinctly different mechanisms 
can affect the thickness of the skin between 
the outer surface and the subsurface blow- 
holes. On low carbon heats vigorous gas 
evolution begins immediately with the re- 
sult that the gas formed is swept away 
leaving a solid negatively segregated skin. 
On the higher carbon lower oxygen heats, 
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the rapid chilling of: the skin completely 
suppresses the weak tendency toward gas 
formation. In the absence of gas formation, 
there is little or no disturbance of the 
normal freezing procedure and columnar 
dendrites are formed in the skin zone. 

6. The casting rate can influence skin 
thickness. The exact nature of this effect 
depends on whether the skin is formed 
under conditions of rapid gas evolution at 
the freezing interface, or whether the skin 
solidifies under conditions favoring sup- 
pression of gas formation. 

7. In ingots with varied rim _ hole 
depths, freezing can proceed more rapidly 
at one ingot level than at another. Sym- 
metrical deformation lines that are evident 
in sulphur prints of split ingots were de- 
scribed as having resulted from differences 
in the freezing rate at various levels in the 
ingot. 

All the top cast experimental ingots that 
were studied in the Hultgren and Phragmen 
paper weighed less than 1500 lb and were 
poured in big-end-up molds. Accordingly, 
the observations and interpretations made 
in their paper should be carefully consid- 
ered before applying them to the large 
sized big-end-down ingots that prevail in 
the manufacture of semikilled steel. 

In earlier papers on ingot structures, 7:%- 
9,10,11,12 some features were cited that have 
apparent application to the following 
aspects of the solidification of semikilled 
steel: 

(1) The possible entrapment of gases 
below the frozen top surface of an ingot,7»! 
(2) the effect of aluminum deoxidation on 
gas evolution,® (3) differences in the skin 
thickness and position of the blowholes at 
different ingot levels,® (4) the effect of 
casting rate on skin thickness and nature 
of the skin, and the effect of oxygen con- 
tent on the skin thickness.!°.12 


THEORETICAL CONSIDERATIONS 


Surveys of semikilled steel practices show 
that manganese, silicon, titanium and alu- 


minum are the only elements used for bath, — 


ladle, or mold deoxidation. These can be 
added as ferroalloys or as commercial forms 
of the individual deoxidizer. 

The curves of Fig 1, taken largely from 
the work of Chipman,!? compare the 
deoxidizing power of the elements, man- 
ganese, silicon, titanium, aluminum and 
carbon at 2900°F. The solid lines in Fig 1 
have been determined experimentally, The 
dotted lines have been calculated. Unpub- 
lished data obtained on low carbon steels 
containing aluminum and titanium verify 
roughly the approximate level of the ti- 
tanium line. 

Fig 1 indicates that it would not be prac- 
tical to deoxidize semikilled steels using 
manganese as the sole deoxidizer since 
prohibitively large percentages would be 
required to suppress the carbon-oxygen 
reaction. 

Somewhat the reverse situation appears 
to be true in the case of aluminum and 
titanium. With any significant residual 
percentage of either element in the steel, 
the deoxidation would be so complete that 
the primary gas forming reaction would be 
entirely suppressed, with the result that 
considerable piping would occur during 
freezing. 

Silicon is peculiar in that its deoxidation 
curve closely approaches that of carbon 


in the analysis ranges normally encountered — 


in semikilled steels. It is conceivable, 
therefore, that with closely controlled addi- 
tions of silicon it would be possible to pro- 
duce ingots in which only the initial gas 
formation would be suppressed. A large 
part of the natural shrinkage would be 
offset by later gas formation. On such 
ingots sufficient silicon should be added so 


‘that the residual oxygen content of the 


liquid steel in the mold is reduced to a 
value just below that required to react with 
carbon at the pressure existing in the top 
of the ingot. As shrinkage occurs in the 
ingot with a consequent reduction in pres- 
sure, some gas would be evolved. The de- 
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gree to which this latter process occurred 
would naturally be reflected in the size of 
the final pipe cavity. 

In addition to the residual percentage of 


IIt 


controlled so as to yield exactly reproduci- 
ble finishing bath and tapping conditions, 
it is generally not possible to obtain the 
desired ingot shrinkage characteristics with 
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Fic 1—CoMPaARISON OF DEOXIDIZING POWERS OF CARBON, MANGANESE, SILICON, TITANIUM AND 
ALUMINUM AT 2900° F. (CHIPMAN). 


_ deoxidizing element present in the liquid 


steel, certain operating variables would also 
affect the tendency toward gas evolution. 
The most obvious of these variables are the 
height of pour (head of metal), the rate of 
pour, and the temperature, each of which 
has a small but direct effect on the carbon- 
~ oxygen equilibrium. 

In actual practice the delicate balance in 
liquid steel deoxidation that evidently is 
required for production of satisfactory 
semikilled steel ingots is usually obtained 
_ by using more than one deoxidizing addi- 
tion. These deoxidizing additions are most 
often divided between the ladle and the 
mold—the bulk of the deoxidation being 
carried out in the ladle and only minor 
additions being made to the mold. The size 
of the mold addition is determined by the 
appearance of the steel in the mold. Be- 

cause the open hearth process can not be 


a single addition of ladle deoxidizer. The 
practice of making a small final deoxidizing 
addition based on the behavior of the 
liquid steel in the molds offers a simple 
method of adjusting for variations in both 
the physical condition of individual heats 
as well as for differences in the steel 
analysis. 


SEMIKILLED STEEL OPEN HEARTH 
PRACTICE 


A substantial proportion of semikilled 
steel tonnage reported in the AIME sur- 
vey! is actually a form of capped steel. In 
this practice the steel is deoxidized very 
lightly in the ladle and the final gas forma- 
tion suppressed by capping the ingot with 
aluminum. The main difference between 
the practices in the various plants is the 
type of ladle deoxidizer used. The three 
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types used were 50 pct ferrosilicon, alumi- 
num, and 20 pct ferrotitanium. , 
In most studies of semikilled steel which 
have been published, it is pointed out that 
the ideal ingot structure is one in which all 
initial gas formation is suppressed and all 
shrinkage is offset by blowhole formation 
occurring later in the freezing process. To 
accomplish the marginal deoxidation needed 
for this practice it is necessary that an 


. 
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three groups mentioned previously (see 
page 108), namely: 1. Capped semikilled 
steels. 2. Intermediate semikilled steels 
requiring small mold additions. 3. Semi- 
killed steels requiring no mold deoxidation. 
Essential data on the experimental ingots 
used for this report are given in Table r. 
All ingots were poured in 244 X 43 in. 
big-end-down molds. Ingot weights were 
all about 20,000 Ib. With the exception of 


TABLE 1—Data on Experimental Ingots 


Ingot A B 1G D F G H I af K iL 
Analysis, per cent 
Carbone ccn es 0.17 | 0.18 | 0.21 | 0.16 | 0.17 | 0.17 | 0.17 | 0.17 | 0.16 | 0.19 | 0.20 | 0.18 
Manganese...... 0.43 | 0.42 | 0.39 | 0.43 | 0.45 | 0.45 | 0.40 | 0.47 | 0.38 | 0.41 | 0.48 | 0.40 
Phosphorus......| 0.009] 0.009] 0.010] 0.010] 0.013] 0.013] 0.0I0| 0.OII| 0.0II| 0.009} 0.010} 0.009 
Sulphur 0.025] 0.023| 0.025] 0.023] 0.021| 0.021] 0.032] 0.025] 0.034] 0.032| 0.026] 0.025 
Silicon ..| 0.01 | 0.01 | 0.01 | 0O.or 0.II | 0.10 | 0.04 | 0.01 
Titanium.;..i0c ie. 0.003 0.010} 0.010 0.006) 0.006 
Furnace additions, 
pounds per net 
ton 
09-40) Bee ee 7 7 7 7 7 ) 7 7 7 7 7 
Ladle Additions, 
pounds per net 
ton 
50 percent Ferro- 
ay SUICON My aetdrines te) (0) (0) nats) te) 5.0 5.4 3/2 te) to) to) 
Shot Aluminum..| 0.4 0.4 ° ° ° ° ° ° 1.6 ° Cs) 
20 percent Ferro- 
titanium 2. 4.. ts) ° 1.0 a. [t2. Tt.7 ° ~ 0 ° oO 8, |S) tas 
Fed Aluminum, 
pounds per net 
tow, shore iinet to) 0 0.1 (7) to) to) ° ° 0.2 ° ° ° 
Capping aluminum, 
pounds per net 
HONG ei. ep lonsis 0.6 0.3 0.5 0.3 0.1 (7) te) ° ts) 0.4 0.15 
Capping time...... After | After | Before} Before After After | After 
Shut | Shut | Shut | Shut Shut Shut | Shut 
Off Off Off Off Off Off Off 
Pouring Temper- 
ature, Degrees |~ 
Fahrenheit....| 2950 | 2810 | 2020 | 2900 | 2800 | 2890 | 2880 | 2800 | 2860 | 2030 | 2910 | 2910 


element be used whose deoxidizing power 
closely approaches that of carbon—for 
example, silicon. It has been explained!3.!4 
that even when sufficient silicon is added to 
prevent carbon and oxygen from reacting 
during early solidification, the segregation 
of the gas forming elements during freezing 
and the reduced pressure resulting from 
shrinkage would be sufficient for the for- 
mation of the blowholes needed to offset 
pipe. 


EXPERIMENTAL INGOTS 


In this discussion, semikilled ingot 
structures have been divided into the 


E and F, each ingot shown in Table 1 was 


taken from a separate heat of steel. 


Samples for chemical analysis were ob- 
tained from a dip test taken on the pre- 
ceding ingot. These analyses checked 
closely the regular ladle analyses from the 
same heat. Temperatures were read with 
an optical pyrometer, using an 0.4 emis- 
sivity coefficient. 


Incot STRUCTURE 
Capped Semikilled Steel 
An example of the central structure 


resulting from the practice of capping 
semikilled steel is shown in ingot A which 
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RFACE STRUCTURE OF INGOT 
DEOXIDATION: 0.4 POUNDS AL PER NET TON A. ORIGINAL MAGNIBICATION 0.3. REDUCED 
INGOTS. MoLpD DEOXIDATION: CAPPED AFTER APPROXIMATELY ONE-FIFTH, 

POUR WITH 0.6 POUNDS AL PER NET TON INGOTS. ed 

-TEEMING TEMPERATURE: 2950°F. ORIGINAL 

_ MAGNIFICATION 0.1. REDUCED APPROXIMATELY 


114 STRUCTURE, SEGREGATION AND SOLIDIFICATION OF SEMIKILLED STEEL INGOTS 


has been split and photographed in Fig 2. 
The ingot was capped with 6 lb of alumi- 
num about 15 sec after finish pour. Actual 
deoxidation was effective only within the 


Yield Position, pct: a, 90; 6, 81; c, 72; d, 63; €,.54; f, 453 


Fic 4—D£EpP ETCHED SECTIONS OF SLABS ROLLED FROM INGOT ADJACENT TO A. ORIGINAL MAGNIFI- 


of the ingot is the only indication of actual 
shrinkage during solidification. 

In machining the split surface of ingot A, 
the actual subsurfaée porosity has been 


8, 36; h, 27; 4, 18; 9, 


9; k,o 


CATION 0.2. REDUCED APPROXIMATELY ONE-HALF. DEOXIDATION IDENTICAL TO INGOT A. 


upper 5 in. of the ingot. This deoxidized- 


zone appears as a solid bulged cap above 
the upper central blowhole area. The role 
of the cap in suppressing gas formation is 
evident. Despite the fact that the pouring 
temperature was well over 2900°F, no 
large central pipe cavity exists in ingot A, 
the shrinkage having been largely offset 
by the formation of blowholes. A narrow 
central parting zone in the top central part 


partly filled. To show the subsurface 
structure, sections cut from the top, middle 
and bottom of one edge of the same ingot 
were polished and etched in ammonium 
persulphate. The smaller sections showing 
the subsurface structure are photographed 
in Fig 3. Near the bottom of ingot A there 
was apparently some suppression of gas 
formation. A relatively strong tendency 
toward gas formation is indicated by the 
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porous structure in the middle section. 

- Some of the blowholes approach closely the 
outer ingot surface. The contracted and 
discontinuous sections of the blowholes 
indicate gas evolution at the middle ingot 
height during the freezing of the outer two 
inches. It is likely that formation of the 
inner row of subsurface blowholes is re- 
sponsible for the early bulging of tops of 
semikilled steel ingots. The solid deoxidized 
cap of the split ingot appears as the solid 
section in Fig 3. 

The structure of ingot- A is reflected in 
deep etched sections of slabs rolled from 
an identically treated adjacent ingot. Deep 
etched slab sections from eleven consecu- 
tive yield positions* are shown in Fig 4. 
The shallow, grayish streaks that are 
especially prominent throughout the sub- 
surface zone above the 27 pct yield posi- 
tion* indicate the location of partly welded 
subsurface blowholes. While no open pipe 
is evident, a sharp central segregate line 
appears at the 72 pct yield position.* The 
position of this segregate line corresponds 
to the location of the lower half of the cen- 
tral parting zone of ingot A (Fig 2). The 

m discontinuities in the bottom section are 
the result of fishtail. 

The ladle deoxidation used on ingot B was 
identical to that of ingot A. Ingot B, how- 
ever, was poured at only 2810°F. (After 
pouring this heat, a skull of 20,000 Ib 


z * The yield position locates the deep etched 
i section with reference to the percentage of 
original ingot weight rolled in slab product. 
. The section from the bottom of the product is 
5 referred to as the o pct yield position and the 
,section from the top of the product is the actual 
ingot to product yield, expressed in percentage. 
Thus, in the yield positions shown in Fig 4 
for ingot A, the o pct section was obtained just 
above the butt crop. (The fishtail evident in 
the o pct section indicates that insufficient 
steel was cropped from the bottom of this 
ingot, a condition that ultimately led to the 
scrapping of the entire bottom slab). The 
90 pct section was obtained just below the top 
crop. Of the original ingot weight 90 pct was 
rolled into slab product. The slab weight be- 
r tween the adjacent test sections was equivalent 
| to 9 pct of the original ingot weight. Thus the 
yield positions shown in Fig 4 increase from 
o to 90 pct at increments of 9 pct. 
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remained in the ladle). To cap this cold 
ingot, 3 lb of aluminum was added after 
pour. A photograph of the split ingot sur- 
face of ingot B is shown in Fig 5. The 
original bulged top of this ingot was 
flattened slightly during stripping. The 
photographed surface of the split ingot 
shows neither a pipe cavity nor a central 
parting zone. The small, off-centered 
pocket that is evident near the top of the 
ingot resulted from enlargement of a con- 
centrated blowhole zone by the action of 
the burning torch. The location of the sub- 
surface blowholes is shown in smaller sec- 
tions beside the split ingot photograph. In 
general, the blowhole distribution is similar 
to that of ingot A (Fig 3). Again the middle 
section shows the greatest tendency toward 
gas formation. In several cases, adjacent 
channels exhibit common contraction pat- 
terns, a phenomenon associated with gas 
evolution during solidification of rimming 
steels. The general scabby appearance of 
the middle section is probably a reflection 
of the low pouring temperature. 

Ingot C illustrates the structure resulting 
from a common departure from the recom- 
mended capping practice. In teeming this 
ingot, part of the capping aluminum was 
added well before completion of pour, and 
the balance was added just at shut-off. A 
total of 6 lb of aluminum was added to the 
mold. A photograph of the split ingot sur- 
face is shown in Fig 6. A striking result of 
early capping with excessive amounts of 
aluminum is the pronounced central pipe 
cavity. Paradoxically, a distinct row of 
blowholes exists in the outer rim. In this 
case it was possible to bring out the blow- 
hole structure in the machined ingot. 
The blowhole structure again resulted in 
subsurface segregate streaks in the rolled 
slab of the type shown in Fig 4 for ingot A. 
This condition was particularly pronounced 
in the lower half of the ingot. 

Not all subsurface blowholes result in 
segregate streaks or spots in the outer 
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Fic 5—STRUCTURE OF SPLIT INGOT B. LADLE DEOXIDATION: 0.4 POUNDS AL PER NET TONS 
INGOTS. MOLD DEOXIDATION: CAPPED AFTER SHUT-OFF WITH 0.3 POUNDS AL PER NET TON INGOTS. 
TEEMING TEMPERATURE: 2810°F. ORIGINAL MAGNIFICATION REDUCED APPROXIMATELY ONE-FIFTH. 
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slab structure. Under ideal conditions, the 
blowholes weld completely, yielding a 
sound unsegregated subsurface structure. 
An example of this condition is shown in 
Fig 7 and 8. An excessive amount of alu- 
minum was added early to ingot D and, as 
a result, severe shrinkage occurred. Fig 7 
shows the original machined split ingot sur- 
face with the open pipe. The original porous 
subsurface structure is illustrated by sec- 
tions burned from the edge at the top, mid- 
dle, and bottom ingot positions. More 
complete sampling revealed a continuous 
row of blowholes from the middle to the 
bottom of the ingot. The blowholes changed 
gradually from the small rounded shape 
at the middle to the thin channels near the 
bottom. It is interesting to observe that in 
the bottom section of Ingot D there is some 
evidence of blowhole tracers between the 
main channel and the surface, indicating 
that gas evolution occurred during. the 
freezing of the outer solid rim. For the 
most part, the outer rim thickness exceeded 
one quarter inch. 

The macrostructure of slab sections rolled 
from an ingot adjacent to D is shown in 
Fig 8. The mold deoxidation on this ingot 
was identical to that of ingot D. The sound- 
ness of the deep etched subsurface structure 
is immediately apparent. The original blow- 
holes have been welded completely during 
rolling. Only scattered evidence of the open 
pipe remains in the center of the top cut. 
Evidently, even the shrinkage cavity 
tended to weld in slabbing the ingot. 


Intermediate Semikilled Steels 


Intermediate between capped steels and 
those requiring no mold additions are steels 
deoxidized in the ladle to the extent that 
only minor quantities of aluminum are re- 
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Frc 6—STRUCTURE OF SPLIT INGOT C. LADLE 
DEOXIDATION: 1.0 POUND FETI PER NET TON 
iNcots. MOLD DEOXIDATION: CAPPED JUST 
BEFORE SHUT-OFF WITH 0.6 POUND AL PER NET 
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INGOTS. ORIGINAL MAGNIFICATION 0.1. 
REDUCED APPROXIMATELY ONE-FIFTH. 
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Subsurface Structure 0.25 X Split Ingot 0.1 X 
Fic 7—StRUCTURE OF SPLIT INGOT D. LADLE DEOXIDATION: 1.0 POUND 50 PER CENT FE-SI PER 
NET TON INGOTS. MOLD DEOXIDATION: CAPPED JUST BEFORE SHUT-OFF WITH 0.3 POUND AL PER NET 
TON INGOTS. ORIGINAL MAGNIFICATION REDUCED APPROXIMATELY ONE-FIFTH. 
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Ingot E Ingot F 
F1G 9—STRUCTURE OF SPLIT INGOTS E AND F. LADLE DEOXIDATION: II.7 POUND 20 PER CENT 
FrE-TI PER NET TON INGOTS. MoLp DEOxIDATION: INGoT E: 0.08 POUND AL PER NET TON INGOTS 
ADDED DURING PouR. INGOT F: CAPPED AFTER SHUT-OFF WITH 0.10 POUND AL PER NET TON INGOTS. 
ORIGINAL MAGNIFICATION 0.1. REDUCED APPROXIMATELY ONE-FIFTH. 
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Tieot E Ingot F 
Fic 10—SUBSURFACE STRUCTURE OF INGOTS E anp F. ORIGINAL MAGNIFICATION 0.25. REDUCED 
APPROXIMATELY ONE-EIGHTH. 
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quired to suppress gas evolution during 
ingot solidification. Adjacent ingots of the 
intermediate type from the same heat are 
shown in Fig 9. Ingot E was deoxidized in 
the mold by feeding 34 lb of aluminum, 
while ingot F was capped with 1 lb. The 
subsurface structure of these ingots is 
shown in Fig to. 

Since all of the aluminum was fed to 
ingot E before pour was complete, there is 
no evidence of upper crust deoxidation. 
The combined deoxidizing effects of the 
ladle and mold additions suppressed most 
of the gas formation and only a slight bulge 
can be observed in the ingot top. While 
no large pipe cavity is evident, there is a 
definite open zone in the upper central area 
that apparently is associated with the last 
phases of ingot solidification. 

The subsurface structure of the main 
body of ingot £ (Fig 10) appears absolutely 
sound, The only evident subsurface poros- 
ity exists in the top six inches of the ingot. 
When the porosity of the upper zone ex- 
tends into the prime ingot yield, a serious 
checked and seamy condition can result in 
the rolled slab. An indication of such a 
seamy condition was observed in the top 
slab rolled from an ingot adjacent to E 
which was made with identical deoxidation 
practice. Surface defects of this type have 
been observed most frequently in conjunc- 
tion with semikilled steels marginally deox- 
idized with silicon so that some subsurface 
gas formation occurs near the top of the 
ingot. 

Because of the small capping addition, 
the upper crust of the intermediate semi- 
killed steel ingot F is relatively shallow and 
somewhat porous. As shown in Fig 9, the 
upper central zone is similar to the previous 
ingot, showing considerable porosity and a 
narrow central cavity or parting zone, The 
slight tendency toward gas formation is 
reflected in a row of small pear-shaped sub- 
surface holes in the middle and bottom sec- 
tion of Fig 9. These blowholes approach 
very Closely the ingot surface. 
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Semikilled Steels Requiring No Mold 


Deoxidation 


It was attempted in this experimental 
program to make a group of heats where 
just enough deoxidizer was added to the 
ladle so that no mold additions would be 
required. It was found that this condition 
could be attained by adding 234 lb per net 
ton of silicon (added as 50 pct ferrosilicon) 
or by adding 114 lb per net ton of aluminum 
(added as stick aluminum). Residuals of 
0.10 pct silicon or 0.020 pct aluminum were 
required to assure sufficient deoxidation 
to avoid mold additions. 

With as much as 3.6 lb per net ton of 
titanium (added as 20 pct ferrotitanium), 
there was still considerable gas evolution 
in the mold. The residual titanium analysis 
on the heat with this large addition was 
only o.orr pet. Because of the excessive 
additions required, no heats were made 
where titanium was the only deoxidizer 
used. 

Fig 11 shows ingots from two heats that 
were deoxidized with silicon in the ladle 
to the extent that no mold additions were 
required. The silicon analysis of ingot G 
was 0.11 pct and that of ingot H was 0.10 
pet. Both ingots have small shrinkage cavi- 
ties, the main body of which extends down 
to about the 75 pct yield position. The bal- 
ance of the shrinkage was offset by the 
blow-hole formation that is evident be- 
tween the pipe cavity and the upper crust. 


Except for the very top of the ingot, there. 


is no subsurface porosity visible either in 
the split ingots or the smaller sections. 
The bright blowholes that can be observed 
in ingot H were exposed during machining. 
The exceptionally clean surface of these 
holes indicates that they should weld easily 
during rolling. Some surface cracks ag 
in both ingots. 

It was found in the ane: of more com- 
pletely killed ingots that any decrease in 
ladle silicon deoxidation, while conducive 
to decreased shrinkage, would increase the 
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Ingot G Ingot H 
Fic 11—STRUCTURE OF SPLIT INGOTS G AND H. LADLE DEOXIDATION—INGOT G: 5.0 POUNDS 
50 PER CENT FESI PER NET TON INGOTS, Incor H: 5.4 POUNDS 50 PER CENT FESI PER TON INGOTS. 
MOLD DEOXIDATION: NONE. ORIGINAL MAGNIFICATION 0.1, REDUCED APPROXIMATELY ONE-FIFTH. 
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tendency toward subsurface blowhole for- 
mation in the top slabs. To illustrate this 
situation, Fig 12 compares top slabs rolled 
from ingot G with similar slabs from an 
ingot deoxidized with only 1.6 lb per net 
ton of silicon. As would be expected from 
the sound structure shown in the preceding 
figure, the slab surface from the heat of in- 
got G is reasonably sound. Only a few light 
seams appear on the edges of the slab. The 
comparison ingot (ingot J), with marginal 
silicon deoxidation, shows the character- 
istic seamy structure down to the 66 pct 
yield position. 

With aluminum as the only ladle de- 
oxidizer, a residual of about 0.020 pct was 
required to avoid the use of any mold addi- 
tions. A ladle addition of about 114 lb of 
aluminum per net ton of ingots was required 
to obtain this residual analysis. This deoxi- 
dation was used on ingot J, the split section 
of which is shown in Fig 13. While this 
aluminum addition eliminated the subsur- 
face ingot porosity, it also resulted in forma- 
tion of an extensive shrinkage cavity. With 
the complete aluminum deoxidation there 
was apparently no central gas formation to 
offset the natural shrinkage and therefore 
ingot J should be regarded as fully killed. 
The fully killed appearance of ingot J is 
evident in Fig 13. It is interesting to ob- 
serve that the shrinkage cavity is divided 
into several major zones, each separated 
from the adjacent one by a continuous 
bridge. In contrast to the silicon killed 
steel, the pipe cavity begins just below the 
upper ingot crust. The cavity extends down 
to the 7o pct ingot yield position. Asso- 
ciated with the fully killed structure are 
numerous cracks penetrating from the sur- 
face well into the ingot body. 


Total Oxygen Content of Liquid Semikilled 
Steel 


On all experimental heats, samples for 
total oxygen analysis were obtained from 
Se 


Fic 13—STRUCTURE OF SPLIT INGOT Ae 
LADLE DEOXIDATION: 1.6 POUNDS AL_PER NET 
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NONE. 
ORIGINAL MAGNIFICATION 0.1. REDUCED AP- 
PROXIMATELY ONE-EIGHTH. 
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the ingot preceding the one that was split. 


for observation. To obtain the sample a 
standard bomb type mold was dipped into 
the liquid metal prior to making the cap- 
ping additions. At least two such samples 
were obtained on each heat. To eliminate 
the use of mold additions, it was found 
necessary to reduce the total oxygen con- 
tent of the liquid stéel (0.16 to 0.20 pct 
carbon) during teeming to just under 0.015 
pct. At 0.016 pct oxygen there was some 
small tendency toward gas formation (Fig 
14). Where no additions were made to the 
ingot body, as on capped steels, a well de- 


‘fined row of subsurface blowholes appeared 


in edge sections. With increasing total oxy- 
gen content, there was a corresponding 
increase in the size of the subsurface blow- 
holes. An interesting illustration of the 
effect of total oxygen content on subsurface 
porosity is shown in Fig 14. The edge 


_ sections shown were all cut from the middle 


height of capped ingots. 

The carbon content of the ingots of Fig 
14 averaged just under 0.20 pct. At 1 atm 
CO pressure, the liquid steel should be in 
equilibrium with about 0.010 pct oxygen. 
At the time that subsurface blowholes 


form, it is likely that the gas pressure is 


= Te hee ee 


4 


somewhat greater than 1 atm. The critical 
value of 0.015 pct oxygen obtained in actual 
operations probably approaches closely the 


equilibrium value. 


The position of the blowholes relative 


to the outer ingot surface as shown in the 


middle height sections of Fig 14 is not 
readily explained. With increasing deoxida- 
tion, that is with lower oxygen content, 
there appears to be a general tendency for 


the subsurface blowholes to approach closer 


to the outer ingot surface. With only 0.016 


pet total oxygen in the liquid steel, the en- 


tire blowhole zone exists in the outer quar- 
ter inch of the ingot. In contrast, a rela- 
tively substantial solid zone separates the 
outer surface from the subsurface blow- 
holes of the ingot with 0.042 pct oxygen. 
The work of Hultgren and Phragmen? 


/ 
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indicates that a solid outer skin can form 
either by complete suppression of gas for- 
mation or by the removal of evolved gas 
through vigorous rimming action. It also . 
showed that in certain higher carbon rim- 
ming ingots, gas suppression occurred dur- 
ing skin formation near the bottom, while 
the gas was swept out in the upper part of 
the same ingot. Some evidence that both 
mechanisms are active in skin formation of 
this experimental series is presented in 
Fig 33 to 36. 

It might be explained that the skin 
thickness at the midway ingot height can 
be associated with the extent of gas forma- 
tion during the earliest stages of solidifica- 
tion. Such an explanation, however, ignores 
the possibility that with increased deoxida- 
tion all-gas evolution will be suppressed by 
rapid chilling. On such ingots it would be 
expected that increased deoxidation would 
lead to increased skin thickness. The fact 
that this anticipated condition is appar- 
ently not realized in practice indicates 
that some factors that are very likely 
associated with metal movement during 
actual pouring may be significant during 
skin solidification. 


Practical Aspects of Semikilled Steel 
Deoxidation Practice 


In the manufacture of semikilled steel it 
is intended to produce an ingot from which 
a maximum yield of satisfactory product 
can be obtained. To assure maximum yield, 
it has been assumed that open hearth prac- 
tices must be adjusted so as to produce an 
ingot. in which the natural shrinkage on 
solidification is offset to an appreciable de- 
gree by gas formation.* By controlling the 
degree of deoxidation, the position of the 
blowholes resulting from such gas forma- 
tion can be varied considerably. With 
little or no deoxidation, blowholes appear 
throughout the subsurface zone. Increased 

* More recently there has been some evidence 
that maximum yields are also obtained by pro- 


ducing killed steels in which the pipe cavity 
welds on rolling. 
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deoxidation suppresses early gas formation 
up to the point where sound subsurface 
structure, is obtained. Unfortunately, with 
the 24 by 43 in. mold section used in this 
investigation (and probably for any other 
mold section), the minimum ladle deoxida- 
tion required to insure sound subsurface 
structure also results in the formation of a 
definite pipe cavity. Where silicon is the 
main deoxidizer, the size of the pipe cavity 
associated with complete subsurface deoxi- 
dation is far smaller than with aluminum. 

One factor, on which little direct data 
are available but which is necessarily of ut- 
most importance in the production of 
capped semikilled steels, is the welding of 
blowholes on rolling. It has been observed 
among ingots from different heats with al- 
most identical steel analysis (including oxy- 
gen content) that some roll into slabs with 
sound, completely welded subsurface struc- 
ture, while others form slabs that are 
seamy, segregated and discontinuous along 
the outer surface. It appears likely that 
factors other than those controllable at the 
open hearth govern or at least exert con- 
siderable influence over the welding of the 
subsurface blowholes. An obvious sugges- 
tion for further investigation involves the 
heating of the ingot and its conversion into 
the slab form. 

For the most part, the general porous 
structure that often occurs in the upper 
central part of the ingot welds completely 
on rolling. Fresh blowhole surfaces exposed 
on machining split ingots are clean, bright 
and free from inclusions. That such clean 
surfaces weld easily is to be expected. The 
welding of the more highly segregated pipe 
cavities again varies from heat to heat and 
is likely influenced by factors similar to 
those discussed in the preceding paragraph. 

A feature of ingot structure not dis- 
cussed previously is the tendency for the 
surface of certain ingots to crack or tear 
during rolling. In the analysis range stud- 
ied, increased deoxidation is apparently 
conducive to poor blooming mill surface. 


Surface cracking has been observed in vary- 
ing degrees even before rolling several of 
the ingots. Examples of this condition were 
shown in Figs 11 and 13. In these ingots, 
the degree of deoxidation is indicated by 
the pipe cavity. Numerous cracks pene- 
trate well into the ingot body. The exact 
cause for cracking in more highly deoxi- 
dized steels has not been established. 

' The production of ingots with little or no 
central pipe can be accomplished through 
a relatively wide range of liquid steel oxida- 
tion. Through much of this range, however, 
the upper part of the resultant ingots con- 
tains shallow subsurface blowholes that 
lead to poor slab surface. Only at the ex- 
tremes in the oxidation range of semikilled 
steel is it practical to attempt production 
of ingots without pipe. Accordingly, it 
appears that one of the two following gen- 
eral deoxidation practices should be used 
in producing semikilled steel ingots. 


PRACTICE NO. I 


Pour the liquid steel with a minimum 
bath and ladle deoxidation. Since this prac- 
tice would encourage gas evolution the 
ingot would have to be capped. In capping, 
care should be taken to add the deoxidizer 
so as to obtain a continuous bulged upper 
crust. From observation of split ingot sec- 
tions, it would appear that the following 
features of open hearth practice would be | 
conducive to the best product performance 
from semikilled steels of the same general 
analysis: (1) Maximum steel oxidation to 
encourage gas evolution. (2) Long topping 
off period to encourage gas evolution in the 
upper part of the ingot. (3) Delayed cap- 
ping to insure that excessive amounts of 
deoxidizer will not be taken into the body 
of the ingot before an adequate skin has 
formed. (4) Use of a minimum amount of 
deoxidizer in capping to avoid extensive de- 
oxidation of the upper central part of the 
ingot (However, sufficient aluminum should 
be used to avoid eruptions through the top 
surface). 
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PRACTICE NO. 2 


Pour the liquid steel with just sufficient 
deoxidation to suppress gas evolution dur- 
ing early solidification. The practice should 
be adjusted so that with controlled but 
marginal bath and ladle deoxidation and 
with carefully regulated mold additions, 
sufficient gas evolves during later stages of 
solidification to offset shrinkage. 

In practice it has not been found possible 
to make ingots entirely free from pipe as 
well as subsurface porosity simply by regu- 
lating the ladle deoxidizing addition. Usu- 
ally, the upper part of ingots made with 
bulged tops are susceptible to subsurface 
blowholes. When sufficient ladle deoxidizer 
is added to overcome this early gas forma- 
tion, a small but definite pipe cavity ap- 
pears between the 75 and 85 pct yield 
position. 

The following features of open hearth 
practice would apparently contribute to 
better performance of the more highly de- 
oxidized semikilled steels. (1) Sufficient 
residual deoxidizing element so that initial 
gas formation is almost entirely suppressed 
(apparently a residual silicon content just 
under 0.08 pct assures the marginal degree 
of deoxidation required for such steels.) 
(2) Rapid rate of pour to provide maximum 
head of metal to help suppress early gas 
formation. (3) Little or no topping off pe- 
riod to discourage subsurface gas formation 
near the top of the ingot. (4) The feeding of 
small amounts of aluminum to assist sub- 
surface deoxidation and to obtain a small 
but definitely bulged continuous top 
surface. 

For the production of semikilled steels 
that require little or no mold deoxidation 
(practice No. 2), the oxygen content of the 
liquid metal in the mold should be in the 
order of o.ors pct. Referring to Fig 1 it 
appears that this general level of oxidation 
can be attained simply by aiming at a 
residual silicon between 0.05 and o.1o pct. 
On the other hand, where aluminum is the 
only deoxidizer used, it would be necessary 
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to add exactly the amount needed to com- 
bine stoichiometrically with the excess oxy- 
gen. Since the crudeness of the open hearth 
process precludes the fulfillment of such 
an exacting requirement, it is obvious that 
deoxidation by a single ladle aluminum 
addition could not be expected to give 
satisfactory semikilled steel ingot structure. 


Selection of Open Hearth Practice for the 
Manufacture of Semikilled Steel 


From the information presented in this 
report, it is possible to make some generali- 
zations regarding the selection of open 
hearth practice for the manufacture of 
semikilled steel. 

For applications where maximum yield 
is desired without regara to:any other ingot 
features, the aluminum capped semikilled 
steels of the type described under practice 
No. 1 appear the most desirable. To insure 
maximum yields, open hearth practice 
should be regulated to produce ingots with 
the solid bulged tops that indicate mini- 
mum pipe. The routine production of satis- 
factory capped ingots necessitates close 
supervision of open hearth pouring practice. 

Even with closely supervised practice, it 
is likely that some ingots will be made in 
which fairly extensive piping occurs. To 
reduce losses on such ingots, precautions 
should be taken to avoid punching in the 
tops during stripping. By maintaining 
closed tops, oxidation of piped zones is 
minimized, and the surfaces of the cavity 
are more likely to weld on rolling. 

In addition to their amenability to high 
ingot yields, capped semikilled steels are 
less prone to cracking and tearing during 
rolling than more fully deoxidized steels. 
Accordingly, in the critical carbon range 
where steels are particularly subject to 
cracking and tearing (approximately 0.15 
pct carbon) the use of capped steels is indi- 
cated on applications requiring reasonable 
freedom from snakes and deep surface 
cracks. 

When sound subsurface structure is re- 
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quired in the final product, it may be ob- 
tained by producing capped steel in which 
the subsurface blowholes weld or by de- 
oxidizing the steel to the extent that no gas 
forms during the freezing of the subsurface 
zone. With current open hearth and bloom- 
ing mill practice, there is no assurance that 
the product of any capped ingot will have a 
sound subsurface structure. Accordingly, 
it appears logical to use the more highly 
deoxidized type of semikilled steel. For the 
best results, additions would have to be ad- 
justed to give just sufficient deoxidation to 
suppress subsurface gas formation. To min- 
imize the size of the shrinkage cavity, sili- 
con should be used as the primary ladle 
deoxidizer. With. the silicon deoxidation 
practice, any pipe that formed would be 
small and exist entirely within the prime 
ingot yield. Since the part of the ingot over 
the shrinkage cavity welds readily into a 
sound unsegregated product, high yields 
should be readily attainable with this 
practice. 

Where silicon is not desirable and alumi- 
num is the primary ladle deoxidizer, ingots 
tend to form extensive pipe cavities. If 
enough aluminum is added to the ladle to 
avoid the use of mold deoxidizers, the in- 
gots are essentially fully killed. On such 
aluminum killed steel ingots, the pipe 
cavity begins immediately below the upper 
crust and extends well into the ingot. To 
minimize oxidation of the shrinkage cavity, 
it is desirable to avoid erupted or punched 
tops. With the aluminum deoxidation prac- 
tice, the yield of absolutely sound steel is 
necessarily limited by the position of the 
pipe cavity. 


SEGREGATION AND SOLIDIFICATION OF 
SEMIKILLED STEEL INGOTS 


The exposed face of each experimental 
ingot previously discussed was drilled in- 
tensively. The drillings were analyzed to 
determine the general macrosegregation 
pattern. To supplement data obtained by 


chemical analysis, sulphur prints were 
made of each typical ingot structure. 

All the drillings from the experimental 
ingots were analyzed chemically for carbon, 
manganese, phosphorus and sulphur. Sili- 
con was determined on ingots to which 
significant percentages of that element were 
added. Most of the curves presented in this 
report are based on analyses of carbon and 
sulphur, since the relatively wide variation 
in the percentages of these two elements 
present in an ingot most clearly illustrates 
the segregation characteristics. 

In the preceding section, semikilled steel 
ingots were classified according to the de- 
gree of ladle deoxidation as capped, inter- 
mediate, or requiring no mold deoxidation. 
This same classification is used in reviewing 
the segregation characteristics of the ex- 
perimental ingots. 


Segregation Data 


In. sampling the experimental ingots, 
drillings were obtained from at least five 
horizontal positions at about ten ingot 
heights. Usually, edge, midway and center 
samples were taken. Additional samples 
were taken in all areas that included sharp 
analysis changes. Examples of areas requir- 
ing more intensive sampling are the inside 
of subsurface blowhole zones, the central 
segregate areas and along A type segregate 
lines. To assist in locating the position 
of such supplementary samples, sulphur 
prints were made of all the ingots prior to 
drilling. 

The analytical data for ingot A are shown 
in Fig 15. The analyses for carbon, sul- 
phur, manganese, and phosphorus at vari- 
ous positions are shown in the indicated 
half-ingot sections. All edge and midway 
analyses shown in Fig 15 represent the 
average of the two samples from similar 
positions on either side of the center line. . 
A total of 73 drillings was analyzed on this 
ingot. 

To show more clearly the segregation 
pattern on all experimental ingots, iso- 
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analysis contours based on carbon and sul- patterns for the two elements can be ob- 
phur analyses were drawn in half ingot’sec- served in some of the experimental ingots. 
tions of the type shown in Fig 15. The Such differences, however, are usually 
contours for either of these elements were localized in small areas. In general, the 
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Fic 15—DISTRIBUTION OF ANALYSES IN INGOT JN 


drawn without referring to the curves ob- segregation patterns on any one ingot, as 
tained for the other element. For this rea- outlined by the contours, are strikingly 
son, some difference between segregation similar for both carbon and sulphur. 
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Fic 16—DISTRIBUTION OF CARBON AND SULPHUR IN INGOT A. LADLE DEOXIDATION: 0.4 POUNDS 
AL PER NET TON INGOTS. MOLD DEOXIDATION: CAPPED AFTER POUR WITH 0.6 POUNDS AL PER 
NET TON INGOTS, TEEMING TEMPERATURE: 2950°F’. 
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CAPPED SEMIKILLED STEELS 


The carbon and sulphur analysis shown 
in Fig 15 have been represented by iso- 
analysis contours in Fig 16. No attempt was 
made to draw contours for manganese or 
phosphorus since the variations in analysis 
were too small to illustrate segregation pat- 
terns. To avoid confusion the actual analy- 
tical data are not included in Fig 16. 

Ingot A was poured at 2950°F (optical 
pyrometer E-o.4). The ingot was capped 
with 5 lb of aluminum 15 sec after pour 
was completed. Several characteristics of 
capped steels are evident in Fig 16. As 
would be expected from observations made 
in earlier studies, definite segregation takes 
place in the pseudo-rim zone. As a result of 
this action, the actual rim is negatively seg- 
regated. A definite sharp increase in carbon 
and sulphur content occurs just within the 
rim. The maximum positive segregation 
within the rim occurred just above the 
midway ingot height. Two other positive 
segregation zones existed in this ingot, one 
originating just below the upper central 
parting zone and one occurring on either 
side of this small cavity. It is interesting to 
observe that there is very little segregation 
in the upper central porous area itself, the 
analysis being very close to that of the steel 
originally poured from the ladle. The ex- 
pected negative segregation cone exists in 
the lower central half of the ingot. 

It is interesting to relate the quantitative 
analytical data of Fig 16 with the sulphur 
print of the same ingot in Fig 17. The rim 
is evident as the relatively light zone ex- 
tending along the outer surface for prac- 
tically the full length of the ingot. The 
location of the subsurface blowholes in 
the outer rim appears as dark streaks in the 
rim. The relatively unsegregated nature of 
the upper porous zone and the deoxidized 
cap are apparent in the sulphur print. The 
blackened section of the central parting 
zone as well as the dark streaks indicating 


_ the position of the subsurface holes are a 
result of an accelerated reaction of the 


sensitized paper with gas accumulated in 
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Fic 17—SULPHUR PRINT OF INGOT A. 
ORIGINAL MAGNIFICATION 0.1. REDUCED AP- 
PROXIMATELY ONE-FIFTH. 
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Fic 18—DIsTRIBUTION OF CARBON AND SULPHUR IN INGOT B, LADLE DEOXIDATION: 0.4 POUNDS 
AL PER NET TON INGOTS. MOLD DEOXIDATION: CAPPED AFTER SHUT-OFF WITH 0.3 POUNDS AL 
PER NET TON INGOTS. TEEMING TEMPERATURE: 2810°F. 
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Fic 19 SULPHUR PRINT OF INGOT B 
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voids during printing and does not neces- direction of the contours emanating from 
sarily reflect a high sulphur segregate area. these positive segregate areas are guided 
One of the central areas of maximum posi- _ by the A segregate lines. The lower central 
tive segregation that was evident in Fig 16 negative segregate area is included within 
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Fic 20—DISTRIBUTION OF CARBON AND SULPHUR IN INGOT C. LADLE DEOXIDATION: 1.0 POUND 


FEeTI PER NET TON INGOTS. MOLD DEOXIDATION: CAPPED JUST BEFORE SHUT-OFF WITH 0.6 POUNDS 
AL PER NET TON INGOTS. 


coincides with the dark area surrounding the legs of the inverted V. An interesting 
the central void and the other corresponds feature of Fig 17 is the series of parallel 
to V segregate below the central zone. The segregate streaks that apparently originate 
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at the inner edge of the subsurface blow-- 


hole zone (Fig 32) and are directed toward 
the upper porous zone.* Despite fairly in- 
tensive sampling in these areas, no signifi- 
cant changes in chemical analysis were 
detected along these segregate lines. 

Fig 18 shows carbon and sulphur segre- 
gation in ingot B which was poured at only 
2810°F. Except for pouring temperature 
the general features of open hearth practice 
were the same for both ingots. Despite a 
difference of about 150°F in pouring tem- 
perature the overall segregation was prac- 
tically the same in the two ingots. The 
highest carbon and sulphur analyses were 
encountered at about the same ingot posi- 
tion in both ingots. In the cold ingot, how- 
ever, there was no apparent association 
with any central void. The slight segrega- 
tion occurring during the freezing of the 
outer rim is brought out by the contours 
within this subsurface zone. Again very 
little segregation occurred in the top cen- 
tral porous zone. A lower central negative 
segregation zone and a /\ segregate are 
also indicated in Fig 18. 

The sulphur print of ingot B, Fig 10, 
shows the same general characteristics as 
the contour drawing. The outer rim, the 
aluminum cap and the lower cone of nega- 


* Similar streaks are evident in examples 25, 
27, 28 and 31 of the second report on the 
Heterogeneity of Steel Ingots. These same 
ingots also show the same type of rim and 
porous top central zone as occurs in ingot A. 
The British incidentally associate the occur- 
rence of the oblique streaks with cold pouring 
temperatures, a feature not borne out in this 
study. They described the streaks as A 
segregate. 

Hultgren!® suggested that parallel oblique 
segregate streaks may have resulted from gas 
evolution through a zone in the ingot that was 
in a pasty condition due to the existence of 
some solid dendrites. The gas passing through 
this pasty zone would force the solid crystals 
aside. The streaks then would be the result of 
the more segregated liquid flowing back into 
the path of the rising bubble. The inclination 
of such streaks would have been caused by the 
greater resistance of the solid crystals on the 
side of the bubble toward the mold wall. 

Badenheuer’s!! excellent illustration of the 
association of the oblique segregate streaks with 
blowholes supports MHultgren’s suggested 
mechanism. 


tive segregation can be seen in Fig 109. This 
print differs from that of ingot A in that 
there is no distinct V segregate zone in the 
area of maximum segregation and no A 
segregate lines surrounding the cone of 
negative segregation. Positive central seg- 
regation appears to be included in a vertical 
band that starts at the top of the cone of 
negative segregation and terminates in the 
upper central blowhole zone. Inclined seg- 
regate streaks of the type mentioned in the 
discussion of ingot A can also be seen in 
Fig rg. 


OVERDEOXIDIZED CAPPED STEELS 


The section on ingot structure showed 
that early capping with excessive amounts 
of aluminum can result in complete deoxi- 
dation of a large zone in semikilled ingots. 
Such overdeoxidation is reflected in large 
shrinkage cavities in the final 
Segregation in two such overdeoxidized 
ingots is shown in Figs 20 and 22. 
Despite the similarity in practice, the two 
ingots differ considerably in the extent of 
segregation. : 

Segregation contours for ingots C and D 
are shown in Figs 20 and 22, respectively. 
In both ingots, subsurface contours outline 
the outer blowhole zone up to about the 
half ingot height. Above the point at which 
segregation contours intersect the surface, 
extensive gas formation was apparently 
suppressed. In both ingots there is prac- 
tically no segregation surrounding the up- 
per half of the large shrinkage cavity, the 
analysis throughout this area closely ap- 
proaching that of the original liquid steel. 
This feature was checked by intensive 
sampling in this area. Negative segregation 
zones exist in the lower central part of both 


ingots. In ingot C, this lower central zone 


of negative segregation appears to termi- 
nate just within the leg of the A segregate. 

The major difference between Figs 20 
and 22 appears to be the degree of segrega- 
tion, especially near the base of the pipe 
cavity. Analysis as high as 0.50 pct carbon 


ingot. . 
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Fic 22—DISTRIBUTION OF CARBON AND SULPHUR IN INGOT D. LADLE DEOXIDATION: I.0 POUND 


50 PER CENT FE-SI PER'NET TON INGOTS. MOLD DEOXIDATION: CAPPED JUST BEFORE SHUT OFF 
WITH THREE POUNDS PER NET TON INGOTS. 
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Fic 23—DIsSTRIBUTION OF CARBON AND SULPHUR IN INGOT E. LADLE DEOXIDATION: 11.7 POUNDS 
20 PER CENT FE-TI PER NET TON INGOTS. MOLD DEOXIDATION: 0.08 POUNDS AL PER NET TON 
INGOTS ADDED DURING POUR. 
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and 0.100 pct sulphur were encountered in 
this zone on ingot C, whereas there was 


' relatively little departure from the original 


liquid steel analysis in ingot D. 

The sulphur print of ingot C, which is 
shown in Fig 21, merely confirms the data 
of Fig 20. Fig 21 shows clearly the subsur- 
face blowholes in the rim up to just above 
the half ingot height, the absence of con- 
centrated segregate areas immediately sur- 
rounding the upper part of the pipe cavity 
and the V segregate at the base of the pipe 
cavity. The location of the A segreagte ap- 
proximates that indicated in Fig 20. Be- 
cause of general similarity between the two 
ingots no sulphur print is shown for ingot D. 

In view of the fact that segregation in 
ingot C was so much more pronounced than 
in ingot D, reference is again made to 
Table 1 to observe any minor differences 
in open hearth practice that may have con- 
tributed to this situation. Ingot C con- 
tained slightly more carbon and sulphur 
than ingot D. The heat of ingot-C was de- 
oxidized in the ladle with 1.0 lb per net 
ton of 20 pct ferrotitanium while the ladle 
addition to the heat of ingot D was 1 lb 
per ton of so pct ferrosilicon. 

The segregation differences between in- 
gots C and D become more interesting 
when reference is made to the section on 
ingot structures, where it was shown that 
the subsurface blowholes in the unsegre- 
gated ingot D welded completely to form 
absolutely sound slabs while definite sub- 
surface streaks were evident in the etched 
slab sections from ingot C. ; 


INTERMEDIATE SEMIKILLED STEEL 


Ingots E and F were adjacent ingots from 
a semikilled steel heat that had been de- 
oxidized in the ladle to the extent that 
there was only a slight tendency toward gas 
evolution in pouring into molds. Gas evolu- 
tion from ingot E was suppressed by feed- 


ing three-quarters pound (0.08 Ib per net 


ton) of aluminum throughout the pour. 
The adjacent ingot F was capped with 1 Ib 


a. ‘of Al (o.1 lb per net ton). 
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Fic 24—SULPHUR PRINT OF INGOT E. ORIG- 
INAL MAGNIFICATION 0.1. REDUCED APPROXI- 
MATELY ONE-EIGHTH. 
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Segregation curves for ingots E and F 
are shown in Fig 23 and 25. Since early 
gas evolution was entirely suppressed by 
aluminum added to ingot # during pour 


CARBON 


mation. The central segregation character- 
istics of the two ingots are almost identical, 
even with respect to the absolute maximum 
and minimum analyses. Both ingots showed 
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Fic 25—DIsSTRIBUTION OF CARBON AND SULPHUR IN INGOT F., LADLE DEOXIDATION: 11.7 POUNDS 
20 PER CENT Fr-TI PER NET TON INGOTS. MOLD DEOXIDATION: CAPPED AFTER POUR WITH 0.1 


POUNDS AL PER NET TON INGOTS. 


there is no evidence of any concentrated 
subsurface segregation. In contrast a small 
but definite negatively segregated outer 
rim was obtained in capped ingot F despite 
the very limited tendency toward gas for- 


the usual absence of positive segregation 


surrounding the upper part of the central 
void, heavy segregate patterns below the 
central cavity, and the outline of the A 
segregate. The lower central negative segre- 
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gate pocket appears to be somewhat more 
extensive in ingot F. It is interesting to 
observe a small negative segregate pocket 
just to the side of the widest section of the 
open zone in both ingots. The carbon and 
sulphur analyses adjacent to both top sur- 
faces were definitely lower than in the origi- 
nal liquid steel—this condition being 
especially pronounced in ingot Ff. The lower 
top surface analysis probably resulted from 
reaction with air rather than from any 
segregation process. The exact reason why 
more carbon and sulphur were eliminated 
near the surface of the capped ingot than 
from the adjacent ingot to which aluminum 
was fed is not immediately apparent. 

The general segregation pattern of ingot 
E is also evident in the sulphur print of Fig 
24. The only unusual feature of the print 
is the narrow area between the /\ segregate 
lines. This feature, which was not brought 
out very clearly in the contour drawing, 
was very likely associated with the small 
size of the negative segregation zone in the 


- lower central part of the ingot. 


SEMIKILLED STEELS REQUIRING No MoLp 
DEOXIDATION 


In the previous section it was pointed out 
that there is a distinct difference in ingot 
structure of steels requiring no mold deoxi- 
dation depending on whether silicon or 
aluminum is used for ladle deoxidation. 
Segregation curves for the silicon deoxi- 
dized ingots G and H, are shown in Figs 26 
and 28. The curves of Fig 30 illustrate the 
segregating characteristics of the aluminum 
deoxidized ingot J. (As previously ex- 
plained, ingot J must actually be con- 
sidered fully killed since it contains no 
definite blowhole areas.) 

Certain general features appear common 
to all three of the more highly deoxidized 
ingots. None of the ingots gives any indica- 


tion of subsurface segregation. There was 


relatively little segregation encountered in 
the area surrounding the upper part of the 


pipe cavity in any of the ingots. The ab- 
sence of marked segregation persisted in 
the upper central blowhole zone between the 
top surface and the shrinkage cavity in the 
silicon killed ingots, G and H. In ingot J, 
there was no definite segregation in the 
bridges separating the adjacent voids. Each 
ingot showed heavy positive segregation 
near the base of and just below the pipe 
cavity. The position of A segregate lines 
in each ingot is indicated by the lower loops 
of the contour lines that originate in the 
heavily segregated zone near the base of 
the pipe. The outline of the /A segregate 
is shown clearly in ingots G and J. Each in- 
got shows the usual lower central negative 
segregate zone. 

On each ingot in this group a negative 
segregation pocket originates just. beyond 
the widest section of the pipe cavity. In 
ingots G and H the exact direction of this 
negative segregation zone could not be es- 
tablished by sampling for chemical analysis. 


In the aluminum killed ingot J, the nega- 


tive segregate extended vertically down- 
ward from a point just beyond the large 
section of the shrinkage cavity. 

The segregation characteristics of ingot 
G, Fig 26, were also evident in a sulphur 
print of the entire ingot that is not repro- 
duced completely in this paper. Instead, a 
small section of the sulphur print surround- 
ing the blowhole zone is shown in Fig 27. 
The enlarged section of the sulphur print 
brings out the heavy segregate below the 
cavity, the absence of segregate above the 
cavity, and the nature of the narrow nega- 
tive segregate zone beside the cavity. Fig 27 
is presented mainly to show that the shape 
of the latter segregate zone as determined 
from chemical analysis was apparently not 
a true indication of the segregation pattern. 
In the sulphur print this negative segregate 
appears as a narrow band extending ver- 
tically downward from just outside the 
widest section of the shrinkage cavity. This 
light band extended downward until it ap- 
proached the leg of the /\ segregate. 
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Fic 26—DISTRIBUTION OF CARBON AND SULPHUR IN INGOT G. LADLE DEOXIDATION: 5 POUNDS 
50 PER CENT FE-SI PER NET TON 
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Fic 27—SULPHUR PRINT OF AREA SURROUNDING SHRINKAGE CAVITY OF INGOT G. ORIGINAL 
; MAGNIFICATION 0.5. REDUCED APPROXIMATELY ONE-EIGHTH. 
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A sulphur print of ingot H, shown in A sulphur print of ingot J is shown in Fig © 
Fig 29, shows.a light but definite A segre- 31. An enlarged section of the area sur- 
gate. The curves based on chemical analysis rounding and just below the pipe cavity 
did not bring out this feature very clearly. is also shown in the figure. The full ingot 
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Fic 28—DIsTRIBUTION OF CARBON AND SULPHUR IN INGOT H. LADLE DEOXIDATION: 5.4 POUNDS 
50 PER CENT FE-SI PER NET TON INGOTS. MOLD DEOXIDATION: NONE. 


With this one exception, the general ap- print shows the general distribution of the 
pearance of the sulphur print is in accord various segregate zones referred to in the 
with the curves of Fig 28. discussion of Fig 30. The enlarged view . 


ri 


shows clearly the intersection of the /A 
segregate with the pipe cavity. The sulphur 
print also brings out the nature of the nega- 
tive segregate bands that were suggested in 
the contour drawings. These bands origi- 
nate at the edge of a cavity and extend 
continuously downward to the /A segregate 
line. It is also interesting to observe the 
coarse crystallites associated with the 
heavy V segregate below the pipe cavity. 


\ 


Segregation of Elements Other than Carbon 
and Sulphur 


There was no unusual nor unexpected 
segregation of manganese, phosphorus, or 
silicon. In general, these three elements 
‘segregated in the same direction but to a 
lesser degree than carbon and sulphur. On 
heats deoxidized with silicon to the extent 
that no mold deoxidizer was neéded, there 

_ was a definite increase in silicon next to the 
upper surface. This high silicon was at- 
tributed to the entrapment of silica from 
the liquid scum during the topping-off 
period. 

A rather interesting but logical variation 
in aluminum content was encountered in 

ingots to which that element was added. 

_ Near the top of capped ingots analyses were 
obtained varying from o.10 to approxi- 
mately 1.0 pct. On capped ingots with defi- 

nite open pipe, the aluminum analysis of 
samples from the area surrounding the 

_ cavity was always over 0.015 pct. In most 
of the drillings from the zone surrounding 

the pipe cavity in capped ingots, the alu- 

; minum analysis was far greater than 0.015 
pet indicating that steel product from this 
area might be fine grained as well as fully 
deoxidized. There was some evidence that 

‘even in capped steels with no excessive 

shrinkage cavity there was a tendency for 
~ aluminum to be drawn down into the body 
“of the ingot. This effect, however, appeared 
to be restricted to an area just within the 
outer surfaces (Fig 36 and discussion). 
The total aluminum analysis in ingots to 

which aluminum was fed usually ranged 
from 0.005 to 0.020 pct. 
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Fic 29—SULPHUR PRINT OF INGOT igh 


ORIGINAL MAGNIFICATION 0.1. 
PROXIMATELY ONE-FIFTH. 


REDUCED AP- 
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DISCUSSION OF RESULTS 
Most of the differences in segregation 
characteristics observed in the description 
of the individual ingots obviously resulted 


CARBON 


tice. The latter features of segregation 
were apparently inherent in the mechanism 
of solidification. In this discussion, an 
attempt will be made to summarize the 


FIG 30—DISTRIBUTION OF CARBON AND SULPHUR IN INGOT J. LADLE DEOXIDATION: 1.6 POUNDS 
AL PER NET TON INGOTS. MOLD DEOXIDATION: NONE. 


from variation in the deoxidation practice 
used in their manufacture. A few features, 
however, were observed commonly in in- 
gots of widely varying deoxidation prac- 


observations, to present a few additional 
illustrative sulphur prints and etched sec- 
tions and to explain or, at least, speculate 
on the solidification mechanisms involved. 
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2 Full Ingot 
' Fic 31—SULPHU 


Subsurface Solidification 


- Prominent among the features that de- 
_ pend on open hearth practice is the appear- 
ance of the rim on ingots-that evolve notice- 
able amounts of gas in the mold and require 
- capping. These subsurface blowhole zones 


Enlarged View of Below Pipe Cavity 
R PRINTS OF INGOT J. ORIGINAL MAGNIFICATION OF FULL INGOT 0.1, OF PIPE 
CAVITY 0.4. BOTH REDUCED APPROXIMATELY THREE-EIGHTHS. 


apparently demonstrate segregation char- 
acteristics similar to those encountered in 
rimmed steels, yielding a negatively segre- 
gated rim and a positively segregated zone 
just inside the subsurface -blowhole zone. 
(Fig 16 to 25). This pattern persists as long 
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as a definite row of subsurface blowholes 
form (Fig 25). With increased deoxidation 
all gas evolution is suppressed and, as 
would be expected, this subsurface segrega- 
tion pattern disappears. 

The outer rim of capped semikilled ingots 
apparently freezes with considerable liquid 
movement and gas evolution; and it ap- 
pears that the segregation pattern in the 
subsurface zone approaches that of rimmed 
steels. (Additional indications of the simi- 
larity to rim steels are presented in Figs 32 
to 37 and Table 2.) 


51 


considerable segregation would be observed 
in all types of steel ingots. In the absence 
of any vigorous movement during solidifica- 
tion, however, there is nearly complete en- 
trapment of the excess impurities that 
accumulate along the freezing interface 
between the adjacent solid crystals. Seg- 
regation under such conditions is largely on 
a micro-scale and is not detectable through 
the common sampling techniques. Where 
gas evolution causes rapid stirring, the ex- 
tent to which the excess impurities that 
accumulate along the freezing interface are 


TABLE 2—Chemical Analysis at Four Positions Through Subsurface Blowhole Zone of Three 
Capped Ingots 
(Middle Ingot Height) 


Original Liquid Steel Analysis, Pct 


Position of Sample 


Analysis, Pct 


Description 


Inches from 
Surface P S 


In skin 
In blowholes 


Edge of blowholes 
Beyond blowholes 


In skin 
In blowholes 


Edge of blowholes 
Beyond blowholes 


In skin 
In blowholes 


Edge of blowholes 
Beyond blowholes 


Segregation in various types of steels has 
been explained in several papers.”:*18 The 
‘fundamental feature responsible for segre- 
- gation during solidification of steel ingots 
is the greater solubility of the common im- 
_ purities (elements other than iron) in the 
liquid than in the solid phase. Thus in the 
solidification of molten steel a solid freezes 
from the liquid that is lower in impurities 


than the original liquid, and a liquid phase. 


containing the excess impurities accumu- 
lates along the freezing interface. The ex- 
tent of segregation by this simple procedure 
_ depends on the exact phase relationship of 
the specific binary system involved and 
how closely equilibrium conditions are 
approached. 

If no other considerations were involved, 


Oo. oO. to) (0) 
oO. oO. 0.009 | 0.020 
oO. Oo. 0.009 | 0.021 
oO. oO. 0.009 | 0.028 
Oo. oO. 0.008 | 0.020 
oO. Oo. 0.008 | 0.022 
oO. oO. 0.009 | 0.032 
oO. oO. 0.009 | 0.032 
oO. oO. 0.008 | 0.023 
oO. oO. 0.009 | 0.021 
oO. Oo. 0.009 | 0.023 
Oo. oO. 0.009 | 0.028 


entrapped is greatly reduced. Under such 
circumstances the degree of segregation of 
any element in the freezing zone approaches 
much more closely that which would be 
expected through consideration of the rela- 
tive solubility in the solid and liquid phases. 

As a result of the association of gas evo- 
lution with freezing, definite segregation 
occurs during the first stage of solidification 
yielding a narrow outer rim of lower analy- 
sis than the liquid metal and a high analysis 
area within the blowholes. To show more 
clearly the nature of subsurface segregation 
on capped steel supplementary drillings for 
chemical analysis were taken at four suc- 
cessive positions in and just beyond the 
outer rim at the middle height of three 


normal capped ingots. The analyses of the 
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samples are given in Table 2. The similarity 
in segregation pattern to that occurring in 
rimmed steel is immediately apparent in 
the table. Even in the sample closest to 
the ingot surface,the carbon and sulphur 
analyses were definitely below that of the 
original liquid. Approaching the edge of the 
blowhole zone the analysis of these two ele- 
ments increases. Beyond the blowholes, the 
analysis is greater than the original liquids. 

As might be expected, there was a defi- 
nite tendency toward suppression of gas 
formation near the bottom of some of the 
experimental ingots. As a result, the tend- 
ency toward developing a negatively segre- 
gated rim in that part of the ingot was also 
suppressed (Figs 16, 17, 18, 25, 34, 35). The 
apparent suppression of gas formation in 
the bottom of ingots can obviously be as- 
sociated with higher pressures existing in 
that region after the ingot is poured. 

The sulphur prints of ‘Fig 32 indicate 
some general differences in subsurface freez- 
ing pattern observed in ingots poured from 
liquid steel with increasing oxygen content. 
The oxygen determination was made on a 
bomb type sample dipped from the ingot 
preceding the one shown in Fig 32. 

All sections of Fig 32 were obtained from 
the middle ingot height. The low oxygen 
completely deoxidized section of Fig 32 
shows clearly a dendritic outline in the co- 
’ Jumnar zone. The ingot contained 0.033 pct 
aluminum. As would be expected, there is 
no indication of any blowhole or outer rim 
formation. In ingots with greater oxygen 
contents, the sulphur print shows the nega- 
tively segregated appearance of the rim. 
There is no indication of the dendritic pat- 
tern in any of the three more highly oxi- 
dized ingots. In ingots with a wide blowhole 
zone, an example of which is given in the 
0.030 pct oxygen ingot, the difference in 
analysis between the subsurface zone and 
the balance of the ingot is clearly brought 
out by sulphur printing. The width of the 
subsurface blowhole zone in the ingot with 
9.030 pct oxygen approximates that often 


encountered at the midway height of cap- 
ped steel ingots. (Incidentally, the 0.030 
pct oxygen section clearly illustrates the 
origin of the oblique segregate streaks of 
the type mentioned earlier in connection 
with the description of ingot A.) 

Figs 33, 34 and 35 are presented to show 
more clearly the nature of subsurface so- 
lidification in semikilled ingots. Fig 33 
shows the subsurface freezing pattern at 
three positions in a capped ingot to which 
an excess of aluminum was added prior to 
completion of pour. As a result of the early 
aluminum addition, no blowholes exist be- 
yond the relatively narrow zone in either 
the top or middle section. The line along 
which the steel was deoxidized is clearly 
evident in these two sections. In the top 
section blowholes began forming almost 
at the very surface and terminated at the 
inner edge of the shallow rim. A small V 
shape segregate streak appears attached to 
the inner end of the largest blowhole in the 
top section. Distinct columnar dendrites 
are evident toward the center of the ingot. 

The middle section has’ a much wider 
negatively segregated zone than the top 
section. The outstanding feature of this 
rim is the refilled appearance of the rounded 
blowholes. This appearance, which is asso- 
ciated with local heavy aluminum deoxida- _ 
tion will be discussed in more detail later. — 
The presence of arrow shaped blowhole 
contours between the refilled blowhole and 
the surface indicates that some gas was 
evolved during the early stages of freezing. 
The metal just inside the contours appears 
dendritic. Since the contours are located 
fairly close to the surface, it is likely that 


‘the gas evolution was associated with some 


movement in the liquid during the last 
stages of pouring the ingot. 

The most prominent feature of the skin 
zone in the bottom section of ingot C is a 
number of nearly vertical lines that roughly 
parallel the ingot surface. These lines, 
which appeared characteristically in prac- 
tically all ingots observed, could not be 
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MIDDLE, AND BOTTOM OF INGOT C. LiguID METAL 
PHOSPHORUS 0.010, SULPHUR 0.026, BoT- 
ORIGINAL MAGNIFICATION 4. 


Fic 33—SUBSURFACE STRUCTURE AT TOP, 
ANALYSIS IN PER CENT, CARBON 0.21, MANGANESE 0:30, 
TOM SKIN ANALYSIS IN PER CENT, CARBON 0.17, SULPHUR 0.020. 
ETcHANT: STEAD’S REAGENT. REDUCED APPROXIMATELY ONE-THIRD. 
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resolved by sulphur printing. It appears 
likely that these lines are associated with 
surges in the flow of metal during pouring 
of the ingot. Between the lines and the 


Middle 


Bottom 


blowholes there is a faint suggestion of a 
contour representing some possible gas evo- 
lution. Since the only evidence of possible 
gas evolution is just beyond the skin zone 
it is surprising that the carbon and sulphur 
content of the skin was well below that of 
the original liquid. The analysis of the skin 
zone is shown below the bottom photograph 


in Fig 33. The sample for analysis was ob- 
tained along a plane parallel to and about 
34 in. below the surface. The blowholes 
themselves are irregular in shape. Connect- 


FIG 34—SUBSURFACE STRUCTURE AT MIDDLE AND BOTTOM OF INGOT K. LIQUID METAL ANALYSIS: 
IN PER CENT, CARBON 0.21, MANGANESE 0.48, PHOSPHORUS 0.010 SULPHUR, 0.026. BOTTOM SKIN- 
ANALYSIS IN PER CENT, CARBON 0.19, SULPHUR 0.022. ORIGINAL MAGNIFICATION 4. REDUCED 
APPROXIMATELY ONE-THIRD. ETCHANT. STEAD’S REAGENT. 


ing the inner edges of the two upper blow- 
holes there is a clearly defined segregate 
band. The band projects into the body of 
the ingot from the upper blowhole. The 
general pattern of these bands indicates 
that the segregation is associated with 
sluggish gas movement from the inner 
blowhole zone. — , 
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As shown in Fig 34 blowhole formation 
in the bottom of ingot K appears to have 
been almost completely suppressed. There 
is again no clear evidence of gas evolution 
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position of the lines in the bottom section. 
Blowhole formation begins close to the 
outer ingot surface. Above and below the 
actual blowholes the dendritic skin struc- 


Middle 


Bottom 


¥ 


Fic 35—SUBSURFACE STRUCTURE AT MIDDLE AND BOTTOM OF INGOT L, LiQuID METAL ANALYSIS 


“IN PER CENT CARBON 0.18, MANGANESE 0.40, PHOSPHOROUS 0.009, SULPHUR 0.025. BOTTOM SKIN 


ANALYSIS IN PER CENT CARBON 0.15, SULPHUR 0.020. ORIGINAL MAGNIFICATION 4. REDUCED 
APPROXIMATELY ONE-THIRD. ETCHANT: STEAD’S REAGENT. 


in the outer skin zone and, as in ingot C, 
the skin analysis is somewhat below that of 
the original liquid metal. The bottom sec- 
tion also shows the vertical lines mentioned 
in the discussion of ingot C.- Columnar 
dendrites penetrate a short distance into 
the ingot. 

In the middle section the vertical lines 
are faintly visible and it is interesting to 
observe that their location is similar to the 


ture appears columnar. The undisturbed 
dendritic appearance adjacent to the skin 
blowhole indicates that there is little actual 
gas evolution at that stage of freezing. Near 
the outer surface of the section there is a 
suggestion of several small arrow shaped 
blowhole contours indicating that gas was 
evolved during the earliest stages of solidi- 
fication. An interesting example of a sloping 
segregate band emanating from a subsur- 
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face blowhole is evident in the middle sec- 
tion. The structure beyond the holes is 
dendritic. 

Gas formation in the bottom section 


phur content of the outer skin at the bot- ? 
tom of ingot L was below that of the liquid ¥ 
metal. If gas evolution were completely — 
suppressed 


Fic 36—SULPHUR PRINTS OF SECTION THROUGH TOP EDGE OF TWO ALUMINUM CAPPED INGOTS. 
MAGNIFICATION 1.0. REDUCED APPROXIMATELY ONE-HALF. 


ingot L, Fig 35, also appears to have been 
largely suppressed. The porous outer skin 
indicates some gas formation during pour- 
ing. A single vertical line appears in the 
section. A short section of columnar den- 
drites exists next to the skin followed by a 
zone in which the dendrites are oriented 
more or less at random. In the outer skin 
of the middle section is a row of small 
blowholes. A second group of larger irregu- 
lar blowholes exists further into the ingot. 
At the blunt inner end of some of the blow- 
holes in the outer row are segregate spots. A 
sloping segregate band connecting the two 
largest blowholes of the section, traces the 
path of some gas movement between the 
adjacent holes. 

As in Ingots C and K, the carbon and sul- 


should not occur in the skin. It appears that 
the observed segregation in the skin was 
obtained during pouring and any asso- 
ciated gas evolution was encouraged 
through the vigorous movement of liquid 
metal next to the freezing interface. 
Further interesting observations regard- 
ing the subsurface zone of the top part 
of capped ingots’can be made in connection 
with the sulphur prints shown in Fig 36. In 
this figure are presented sulphur prints of 
sections through the top edges of two 
capped ingots. The subsurface zone of the 
original unetched sections appeared sur- 


prisingly free from porosity. The left hand — 


section of Fig 36 can be divided into three 
distinct zones—an outer light subsurface 
rim, a sound dark intermediate zone in 


definite negative segregation © 
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which definite dendrites can be observed, 
and a light inner zone that includes rounded 
groups of blowholes. Analysis along a plane 
about 3 in. below the upper surface of the 
left hand section revealed that in the light 
subsurface zone the aluminum content was 
only o.o12 pct. Two samples from the 
clearly dendritic intermediate zone ana- 
lyzed 0.085 and 0.095 pct aluminum. Be- 
tween the intermediate zone and the 
blowholes, 0.038 pct aluminum was ob- 
tained while a sample taken further into 
the ingot analyzed 0.023 pct aluminum. 
The position of these analyses is roughly 
indicated in the figure. The relatively high 
analyses obtained in the intermediate zone 
indicates that considerable aluminum is 
carried into the body of the ingot. The 
dendritic pattern apparently is restricted 
to the high aluminum zone, beginning just 
beyond the light outer rim and terminating 
at the rounded inner blowholes. 

The right hand section of Fig 36 shows 
very clearly the line along which the 
aluminum addition stopped the rimming 
action. The rim, which appears as a light 
outer zone, varies in thickness from about 
5¢ in. at the bottom of the section to noth- 
ing at the intersection with the upper sur- 
face. The darker area within the rim near 
the top of the ingot again indicates the zone 
into which a significant percentage of the 


capping aluminum was carried. A very 


interesting feature in the rim zone of the 
right hand section is the light gray areas 
that have the same general shape and loca- 


tion as subsurface blowholes. The original 


unetched section was absolutely solid 
where these gray areas appear. It is assumed 


from their general appearance that these 


grayish areas were originally blowholes in 
which the included gas was either com- 
pletely reduced by, the capping aluminum 
additions or reabsorbed in the deoxidized 
metal. After deoxidation the remaining 
void was refilled with liquid. A dendritic 
pattern can be observed in the upper right 


hand corner of this section. Again this pat- _ 
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tern is associated with high aluminum 
analysis (0.050 pct). Next to the solid part 
of the rim the aluminum content was 0.018 
pet. Just beyond this zone toward the 
center of the ingot, the aluminum content 
was 0.009 pct. 

It required about 4o sec to pour the part 
of the ingot represented by the right hand 
section of Fig 36. During this period the 
evolution of gas must have been stimu- 
lated by the motion in the steel resulting 
from pouring. From the appearance of the 
bottom part of this section it seems that the 
action subsided before or at the time of 
capping. The motion in liquid steel that 
accompanies pouring very likely exerts a 
direct effect on subsurface gas evolution 
and segregation and, consequently, should 
be recognized as a major factor in develop- 
ing the subsurface structure of capped steel 
ingots. 

Both the refilled blowholes and the asso- 
ciation of visible dendritic pattern with 
high aluminum content are demonstrated 


‘again in the sulphur printed section shown 


in Fig 37. This particular type of pattern 
was observed just above the visible subsur- 
face blowholes on capped ingots with large 
shrinkage cavities (Ingots C and D). The 
example of Fig 37 was obtained from the 
midway height of ingot C. The left hand 
section, which was etched with ammonium 
persulphate, shows that the subsurface zone 
was, to a large extent, free from blowholes’ 
at this ingot height. The corresponding sul- 
phur print of the right hand section shows 
that during the pour the usual negatively 
segregated rim, including subsurface blow- 
holes, began to form. After the deoxidizing 
aluminum addition was made, the blow- 
holes were refilled. The refilled blowholes 
and the high aluminum analysis indicate 
the completeness of the deoxidation. Asso- 
ciated with the high aluminum analysis is 
the previously mentioned dendritic pattern. 

The process whereby a negatively segre- 
gated rim forms during subsurface solidifi- 
cation of capped steel ingots should 
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naturally tend to increase overall segrega- 
tion as compared to steels freezing with no 
gas evolution. It also seems logical to ex- 
pect that the blowholes that are present 
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capped semikilled steels show greater — 


‘segregation 


The effect of temperature on overall 
ingot segregation of killed steel is generally 


Sulphur Print 


Fic 37--SUBSURFACE STRUCTURE AT MIDWAY HEIGHT OF INGOT C. ORIGINAL MAGNIFICATION 0.9. 
REDUCED APPROXIMATELY ONE-THIRD. 


throughout a large fraction of the ingot 
subsurface area exert an insulating effect 
during freezing, thus reducing temperature 
gradients developed during solidification. 
As a result the extent of columnar freezing 
will be reduced. * 

Both the negative segregation in the rim 
and the reduction in the extent of colum- 
nar freezing would contribute to increased 
overall segregation on capped semikilled 
steel. As a result it might be expected that 
capped steels segregate more than killed 
steel. In actual comparisons of the two 
types it is generally accepted that the 


* Hultgren and Phragmen,? (p 100), suggest 
that the heat insulating effect retards freezing 
at levels where rim holes exist. Thus they 
explain the formation of certain deformation 
lines as having been caused by the resultant 
difference in freezing rates at different ingot 
levels. 


related to the extent of columnar freezing,!* 
increased temperature generally being as- 
sociated with a deeper zone of columnar 
freezing. Any feature of ingot solidification 
which limits the extent of columnar freezing 
such as the insulating effect of subsurface 
blowholes on capped semikilled steels, could 
conceivably reduce the effect of tempera- 
ture on overall segregation.* An indication 
that the effect of pouring temperature on 


overall segregation of capped semikilled — 


steel is not as great as on fully killed steel 
was obtained in the segregation curves of 


* The theory that pouring temperature has a 
reduced effect on segregation of capped steel 
ingots as compared to killed steel ingots can be 
inferred from the discussion of the heat of 
ingots 51 to 54 of the Fifth Heterogeneity 
Report.' In that discussion it was pointed out 
that there was little difference in segregation 
between the first and last ingots of the experi- 
mental heats. 


be 


MICHAEL TENENBAUM 


ingots A and B. (Fig 16 and 18). Despite a 
difference of 150°F in the pouring tempera- 
tures of these two ingots there was little 
observable difference in the overall segre- 
gation. The only marked difference between 
the two ingots is that the hot ingot (ingot 
A) had two areas in which the maximum 
carbon and sulphur analyses were obtained, 
one surrounding the central void and one 
just below the small cavity, whereas only 
one area of maximum segregation occurred 
in the cold ingot. 

The interpretation of freezing patterns 
developed in sulphur prints is of interest. It 
was possible to bring out effectively large 
areas of negative segregation, localized 
zones of high sulphur, and zones of high 
aluminum content. With respect to finer 
details of solidification the sulphur print 
not only was inadequate but in some cases 
was confusing. For example, more sensi- 
tive etching techniques often show definite 
columnar dendrites in areas where there is 
no indication of this condition in the sul- 
phur print. Aside from the general segrega- 
tion pattern, the sulphur print gives very 
little information regarding the freezing in 
the blowhole zone. 

A consistent association of dendritic pat- 
terns with high aluminum content was ob- 
served in the sulphur prints of several of the 
experimental ingots. Sims and Lillieqvist?® 
have predicted such a'relationship in cast 
steel ingots. They attributed the dendritic 


- freezing patterns (as those shown by sul- 


phur printing) to variations in sulphide 
solubility caused indirectly by the addition 
of strong deoxidizers such as aluminum. 


SOLIDIFICATION OF THE CENTRAL PART 
oF INGOT 


Position of Maximum Segregation 


The ingot height at which maximum 


segregation occurred was related, at least 


indirectly, to the method and extent of 
deoxidation. Table 3 compares the position 
of maximum segregation as.estimated from 
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the segregation curves. The segregation 
position is given in terms of pct of the 
nominal ingot height. 


TABLE 3—Position of Maximum Ingot 


Segregation 
Maximum 
Extent of Segrega- 
Ingot Practice Shrinkage tion Posi- 
Cavity tion Per 
Cent Ingot 
Height 
A Capped Very small 8 and 62 
B Capped None 4 
Cc Capped Wide Open | 68 
D Capped Wide open | 62 
E Killed during pour | Small 70 
F Capped Small 71 
G No mold deoxidiza- | Small 71 
tion 
H No mold deoxidiza- | Small 15 
tion 
ctf No mold deoxidiza- | Wide open | 60 


tion 
Sb ees Se ee SS PS es Sat 
Position of maximum segregation: 
Average for capped ingots with no definite pipe— 
77 per cent 7 
Average for ingots with small shrinkage cavities— 
72 per cent 
Average for ingots with wide open shrinkage 
cavities—63 per cent 
In the nine experimental ingots the posi- 
tion of maximum segregation varied from 
60 to 78 pct of the ingot height. Apparently 
there is some elevation of the position of 
maximum segregation with decreasing size 
of the shrinkage cavity in the ingot. For the 
most part, the heavy positive segregation 
was localized in a fairly small area. There 
was very little positive central segregation 
above and below the range between 60 and 


80 pet of the nominal ingot height. 


Blowhole Formation in Interior of Ingot 


Blowholes beyond the subsurface zone 
were largely limited to the top part of the 
ingot. In a few of the more highly oxidized 
ingots blowholes were observed in lower 
positions. In these cases the holes were 


~ commonly associated with inclined segre- 


gate streaks. For the most part the upper 
blowholes were elongated toward the center 
from the sides or the top of the ingot. In 
general, these elongated blowholes pointed 
toward the top position of maximum segre- 
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gation. There was very little positive 
segregation in the blowhole area. 

These observations support the explana- 
tion of blowhole formation in the core zone 
of early capped ingots offered by Hultgren 
and Phragmen? (p 234). They attribute the 
central gas formation to the segregation of 
carbon and sulphur and to the reduced 
pressure resulting from natural shrinkage. 
The predominant occurrence of core blow- 
holes in the top part of the ingot is likely 
the result of greater segregation of gas 
forming constituents as compared to the 
lower half of the ingot. This same segrega- 
tion process provides the increased gas 
pressure that results in the formation of the 
blowholes that tend to reduce the size of 
shrinkage cavities. Since the upper blow- 
holes form from a liquid phase that is rela- 
tively free from the interfering effects of 
any solid crystals, they tend to assume 
continuous elongated shapes in the direc- 
tion of freezing. 

In a number of ingots, sloping segregate 
lines were observed emanating from the 
inside of practically all blowholes (Fig 32, 
0.030 pct oxygen section). If all the evolved 
gas represented by such streaks accumu- 
lated in a single zone in the ingot, some in- 
dication of large, compressed gas pockets 
should be evident in split ingot sections. 
The absence of such pockets suggests that 
much of the gas evolved from the highly 
segregated liquid just beyond the solid 
freezing wall is redissolved in unsegregated 
zones of relatively low CO pressure 

An interesting effect of low oxygen con- 
tent on central blowhole formation was ob- 
served in the two ingots of Fig 11. These 
ingots contained 0.10 and o.11 pet silicon 
at the time of pour. During the early stages 
in the solidification of these ingots the 
usual elongated top central blowholes 
began forming. In both ingots these blow- 
holes terminate in a small but definite 
shrinkage cavity. Evidently, during the 
first part of freezing, sufficient oxygen was 
present to form some gas coincident with 


the early reduction in pressure due to — 
shrinkage. With continued pressure reduc- — 


tion, the limited supply of oxygen was not 
adequate for CO formation and as a result 
the shrinkage cavity formed. 


Bridge Formation in Pipe Cavities 


In all heavily piped ingots studied, it was 
found that bridges formed without regard 
to any features of teeming or steelmaking 
practices other than deoxidation. At least 
three distinct bridges formed in each 
heavily piped ingot (Figs-6, 7, 13). It is 
natural, therefore, to assume that such 


bridges may be present in all heavily piped | 


ingots and that the exact nature of their 
formation is largely determined by the 
mold size and design. The bridges, for the 
most part, were free from any concentrated 
positive segregation. In several instances 
there was some indication of a slight nega- 
tive segregation. The freedom of the 
bridges as well as the area surrounding the 
wide open sections of the pipe cavity from 
heavy segregation would indicate that the 
largest part of the surface of the cavity 
should be relatively free from oxides and 
high concentrations of metalloids. If pre- 
cautions are taken to prevent oxidation 
(through eruptions and punched tops) of 
the inner surfaces of shrinkage cavities, the 
freedom from heavy segregation would 
favor welding in rolling. 


Vertical Negative Segregate Bands 2 


The frequent association of vertical — 


bands of negative segregate with successive 
pipe cavities (Fig 27, 30, 31) is not readily 
explained. In the absence of a better ex- 


‘planation, it is suggested that the streaks 


may have resulted from some motion of 
the liquid at the freezing interface at the 
time that the molten steel separated from 
the bridge. It is possible that just after the 
upper crust of a bridge solidifies a surface 
tension effect between the frozen metal and 


. 
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the liquid below tends to retard the shrink- 
age process and thus tends to develop a 
negative pressure in the molten steel. A 
pause of this type in the shrinkage process 
is necessary to explain the fact that the 
thickness of the bridges often approaches 
two inches. When the tendency to contract 
becomes sufficiently great to’ cause the 
molten steel to separate from the solid 
bridge, the resultant pressure change sets 
up a physical motion in the liquid that 
sweeps the segregate away from the freez- 
ing interface. Such a process could con- 
ceivably be repeated below each bridge 
(Figs 30, 31). It is conceivable that the 
process by which the negative segregate 
bands were formed can exert considerable 
influence on the structure and segregation 
in fully killed hot topped ingots. 


A Segregate Lines 


The vertical negative segregate bands ap- 
pear to extend down to the / segregate 
lines, indicating that at the time of their 
formation the positive segregate had accu- 
mulated at the freezing interface. In most 
of the experimental ingots the lower central 
cone of negative segregation appears to 
begin just within the / segregate line. 
These two observations suggest the follow- 
ing mechanism for the formation of the in- 
verted V. 

It is generally accepted that the “cone” 
of negative segregation is formed as a result 
of free crystals settling to the bottom of the 
molten center of an ingot. It is conceivable, 
therefore, that A segregate lines merely 
represent the junction between the wall of 
metal freezing in from the outer surface 
and the accumulation of crystals building 
up in the form of the negative segregation 


cone. The A segregate lines, therefore, 


combine the highly segregated. phase next 
to the solid metal freezing in from the mold 
wall and the less pure liquid displaced by 
the falling crystals. The fact that the A 
segregate lines terminate near the lowest 
part of the pipe cavity (enclosing the last 
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part of the ingot to freeze) is further indi- 
cation that these lines represent the ingot 
depth at which there was a definite change 
in the mode of solidification. The continu- 
ity of the A segregate indicates that in 
many of these experimental open top 
ingots, freezing proceeded uniformly and 
often with relatively little physical motion 
in the liquid. 


SUMMARY 


This paper reports the results of an in- 
vestigation of the structure and segregating 
characteristics of a series of experimental 
semikilled steel ingots. The experimental 
ingots were made with intentionally*varied 
deoxidation under ordinary basic open 
hearth operating conditions. 

By regulating the manner and extent of 
ladle and mold deoxidation, ingots were 
produced whose tendency toward gas for- 
mation ranged from a weak rimming action 
to a completely dead appearance. Through- 
out this entire range, the observed features 
of gas formation could be interpreted ac- 
cording to known equilibrium relationships 
between the specific deoxidizing element 
used, the carbon and oxygen contents and 
the pressures existing within the ingot. 

The obvious features of semikilled ingot 
structure, such as pipe and subsurface 
blowholes, were primarily affected by the 
manner and extent of ladle and mold de- 
oxidation. Increased ladle deoxidation 
reduced the tendency toward gas formation, 
thus reducing the extent of subsurface 
blowholes and increasing the tendency to- 
ward pipe. 

In mold deoxidation, the timing of the 
addition was as important as its amount. 
The feeding of aluminum throughout the 


. pour affected ingot structure much in the 


same manner as ladle deoxidation, an 
increase in the amount of the addition 
reducing the tendency toward gas forma- 
tion. Capping with aluminum while a 
stream of metal is still entering the mold 
both deoxidized the liquid metal in the 
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body of an ingot and provided a cap to 
suppress gas evolution. Thus excessive 
capping additions made before shut-off 
were shown to result in heavily piped struc- 
ture on ingots which also had definite 
subsurface blowhole zones. On almost all 
types of semikilled steel close control of 
mold deoxidation was a prime requisite for 
satisfactory ingot structure. 

Many features of gas formation in capped 
semikilled steel ingots have been observed 
in varying degree in sluggish rimming 
steels. The rim that forms in capped steels 
is negatively segregated while positive 
segregate tends to accumulate just within 
this zone. The location, extent and type of 
subsurface blowholes vary both with 
change in deoxidation and ingot height. 
Solidification of the negatively segregated 
rim of capped steels differs from rimming 
steels in that a much greater proportion of 
the gas formed beyond the skin zone is re- 
tained in the form of subsurface blowholes. 

In the experimental ingots, maximum 
positive segregation occurred in the top cen- 
tral position. The exact level at which maxi- 
mum segregation occurred varied from 60 
to 78 pct of the nominal ingot height, this 
position being highest in ingots with the 
smallest shrinkage cavity. There was very 
little positive segregation in the central 
zone above the position of maximum 
segregation. 

In practically all experimental ingots, 
the existence of central blowholes was 
limited to the top part of the ingot. These 
central blowholes were usually elongated 
in the freezing direction; that is, they were 
directed from the surface and sides of the 
ingot toward the position of maximum 
segregation, indicating that the blowholes 
formed fairly continuously along with the 
wall of metal freezing in toward the center 
from the top and sides of the ingot. 

All heavily piped ingots made in this 
study showed bridging. The bridges were 
essentially free from any heavy positive 
segregate. Also associated with the large 
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pipe in several of the ingots were narrow 
negative segregate bands that extended 
vertically from the edge of the cavity down 
to the A lines. A general mechanism was 
suggested that might explain the existence 
of such vertical negative segregate bands. 

In most ingots, the A segregate lines 
were relatively straight and continuous and 
occurred in the same general position. It 
appeared that the /\ segregate line repre- 
sented the junction between the outer wall 
of metal freezing in from the ingot surface 
and the interior zone that solidifies through 
a process involving the formation, settling 
and accumulation of free crystals. 

The experimental ingots of this investi- 
gation covered a relatively narrow analysis 
range. In addition, a single mold size and 
pouring practice were used. These limita- 
tions should be recognized in applying the 
results of this study to any other set of 
operating conditions. 
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DISCUSSION 
(H. B. Emerick presiding) 


W. O. PxHILtBROOK*—We have no contri- 
butions of added information or criticism to 
offer, but since I have been given the first 
opportunity to discuss this paper I want very 
much to congratulate Mr. Tenenbaum and 
the members of the Inland Steel organization 
who worked with him for this very excellent 
paper, which extends the ‘fine work they have 
done in the past on ingot structure and segrega- 
tion of other types of steel into the important 
group of semikilled steels, and thus rounds out 
very nicely our picture of ingot solidification 
phenomena. I believe this paper is a most 
valuable contribution to the literature of 
steelmaking. 

In reading the preprint, of course, I tried to 
analyze it from the standpoint of what it would 
mean to the steelmaker. It seems to me that it 
appears at first only to sharpen the “horns of 
the dilemma.’’ The operator may produce steel 
by capping practice on the low side of the de- 
oxidation range to avoid excessive pipe and 
segregation in the upper central portion of the 
ingot and hence obtain good billet yields, but 
at the expense of poor billet surface; or he may 
obtain good billet surface and low recon- 
ditioning costs by moderately strong ladle de- 
oxidation practice, but with attendant piping 
of the ingots and perhaps lower yields, plus the 
added cost of the deoxidizers. 

Perhaps Mr. Tenenbaum can tell us which is 
the worse of these two conditions from the over- 
all standpoint of cost of production, yield of 
usable product and reconditioning costs, or does 
the balance change with various types of prod- 
ucts and ingot sizes so that generalizations are 
not proper? 

I was interested to note the extent to which 
the large pipe cavities of ingots fairly well de- 
oxidized’ were welded in rolling to give appar- 
ently high yields of sound billets. I should like 
to ask if it would be safe to assume that pipe 
cavities of this size can consistently be welded 
to this same extent by rolling in normal com- 
mercial practice. 


LEON NEtson{—Mr. Tenenbaum has cer- 
tainly given us an excellent and detailed report 
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on many phases of semikilled steelmaking. 
Really the only comment I have to offer is to 
state that I think trying to make semikilled 
steel so as to require no mold deoxidation is 
risky business if you wish to avoid low yield due 
to central piping. 

This speaker favors the structure shown in 
the paper in Fig 2 and 5 (ingots A and B). 
To obtain best yield on semikilled ingots, it is 
essential that some gas evolution be prevented 
by the formation of a soundly deoxidized 
bridge across the top of the ingot. This sound 
bridge permits no oxidizing soaking pit atmos- 
phere to reach any pipe cavity below. As a» 
consequence any pipe cavity welds quite 
completely during rolling and results in 
maximum yield. As the report states, such an 
ingot is subject to some subsurface porosity 
but usually such blowholes are far enough 
below the surface so as not to be disturbed by 
proper soaking, pit heating, and rolling prac- 
tice. Such an ingot is subject to more seaminess 
than a more fully deoxidized ingot but on the 
other hand is not nearly as subject to tearing 
as a more fully deoxidized ingot. Also as shown 
in Mr. Tenenbaum’s paper, such an ingot (that 
is, one with a sound cap over the top) has 
appreciably less positive segregation along 
central axis below any pipe cavity. 

A favored method for obtaining the desired 
condition (as shown in Fig 2 and 5) is to de- 
oxidize with ferrosilicon in the ladle to such an 
extent that only a small amount of shot 
aluminum is needed to ‘‘cap off” properly in 
the mold. But ladle deoxidation should never 
be carried so far as to require no mold deoxida- 
tion. It is not too difficult to obtain this objec- 
tive on the analysis considered in the report. 
But on high manganese-high sulphur analyses 
(where the large ladle additions have a definite 
deoxidizing effect), furnace oxidation must be 
carried to greater extremes and ladle deoxida- 
tion (by ferrosilicon, and the like) must be 
kept at a minimum—or even nil on some 
analyses. : 

It is noticed that a spiegel addition has been 
used on all ingots studied in the report. The 
speaker has always questioned the value of 
using a “‘spiegel wash” as a routine practice in 
making semikilled heats. ® 


Cc." E. Stus*—I was wondering if you had 
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found any way, other than the sulphur print, 
to show that there was segregation in those 
areas. 


M. TENENBAUM (author’s reply)—We have 
actually analyzed it by the inverted V segre- 
gated lines, and there was a distinct segregation 
there. 


Joun S. Marsu*—I should like to repeat 
what Mr. Philbrook said in complimenting Mr. 
Tenenbaum on his very fine job. 

My question has been asked already: has any 
decision been reached on deoxidation practice 
which will give the greatest over-all ingot 
yield? 


GILBERT SOLER{T—I want to commend Mr. 
Tenenbaum on his very excellently prepared 
paper. It has quite a bit of data. 


Rosert K. Kurtp{—I wish to join other dis- 
cussers in congratulating Mr. Tenenbaum for 
the preparation of a thorough paper which 
covers some of the problems involved in the 
manufacture of semikilled steels. 

A greater variety of practices are used for the 
production of semikilled steels than for any 
other class of steel. Variables must be held to a 
minimum in any experimental program, and 
the work involved in Tenenbaum’s paper is 
extensive in spite of the fact that only one 
major variable, deoxidation practice, is con- 
sidered. More emphasis might have been 
placed on the importance of several variables 
not included in the work. The following com- 
ments are offered as supplementary remarks to 
the general discussion on the factors involved 
in the manufacture of semikilled steels. 

Tapping carbon and final analysis play an 
important role in determining deoxidation 
practice. With tapping carbons as low as 0.06 
pet and final carbons as high as 0.30 pct, 
schedules requiring different amounts of 
deoxidizers must be established. In the prac- 
tices described in the paper, ladle deoxidation 
included only single additions of either alumi- 
num or ferrosilicon. Some plants use a combi- 
nation of aluminum and ferrosilicon in the 
ladle and it would have been of interest to 
include such a practice. Mold size should be 
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considered in developing deoxidation schedules; 
it can be’ broadly stated that as mold size 
increases, requirements for close control of 
ladle deoxidation decrease. Pouring rate is an 
important factor which affects surface quality. 
A slowing of the rate of rise of the metal in the 
molds normally results in an improvement in 
surface quality. One method of obtaining close 
control over metal entering the mold is to 
resort to bottom pouring by which practice 
rate of rise can be reduced to any desired 
figure. 

Several of the ingot structures illustrated in 
the paper exhibited blowholes positioned fairly 
close to the ingot surface. Were these blowholes 
harmful to the surface quality of the rolled 
product or were such difficulties avoided by 
careful control in the soaking pits? 


H. W. McQuar1p*—I might say something on 
the subject of semikilled practice especially as 
it applies to small ingots. There has been a lot 
of trouble lately in plants that are new in the 
semikilled and rimmed ingot field especially in 
the smaller ingots. Most of this trouble is due 
to too much furnace and ladle deoxidation 
resulting in deep pipe and tears. As Mr. Nelson 
said we get into trouble with tears with too 
much deoxidation so we cut down on our 
furnace and ladle deoxidation and the tears 
disappear and the first thing we know we get 
spongy ingots. 

I would like to say that Mr. Kulp spoke of a 
lot of things which are especially interesting. 
One is the factor of rise of metal in the mold. 
I know directly from my experience in small 
molds, big end up, the rate of rise is a very 
critical factor as the heat in the mold affects 
gas formation. 

It is hard in a discussion like this to separate 
semikilled from rimmed practice since they do 
overlap in some grades. There is no doubt but 


_ what the pouring floor practice is of the greatest 


importance with either grade—the principal 
requirement of the melter being to produce the 
desired analysis at the right temperature and 
open enough in the ladle so that the pourer can 


control the final deoxidation in the mold. The 


proper capping of a semikilled ingot can only 
be obtained when the man responsible for the 
capping has an open steel to work with and 
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knows what is required. It requires no little 
skill to produce sound semikilled ingots which 
are not spongy and which will roll without 
tearing in the blooming mill. 

I would like to ask Mr. Tenenbaum what 
practice he would recommend on 14-in. and 
18-in. ingots cast with the big end up. Would 
his practice vary if the end use were wire and 
not flat product? 

I appreciate this paper very much and I 
know many of us will get a lot of good informa- 
tion from it. I think it is a real contribution to a 
much neglected section of steelmaking. 


M. F. Yarorsky*—The paper is a funda- 
mental contribution to the steel industry and 
will materially assist us in resolving some of the 
confusion which exists in connection with the 
manufacture of this grade of steel. I have 
always believed that less control has been 
exercised in the manufacture of semikilled steel 
as compared to fully killed or rimmed steels. 
The apparent reason seems to be that it is an 
ordinary grade of steel made in large quantities 
and lends itself to a wide range of irregularities 
in practice. Also the ultimate quality of the 
semikilled ingot is more apt to be affected by 
the pouring pit practices. 

I believe the author will agree that we must 
have diversified practice to produce satisfac- 
torily the many varieties of semikilled steel in 
demand. The extent of oxidation, pouring 
temperatures, rate of pouring and other fea- 
tures of the steelmaking practices will vary, 
depending on the size of the ingot, the type of 
mill on which it is to be rolled and the type and 
shape of the product desired. It will range from 
open steel for small structural shapes and flat 
products to well deoxidized steel for heavy 
structural shapes and plates. We must also be 
aware that this type of steel is more sensitive 
to the effect of heating and rolling practices 
than either rimmed or fully killed steel. 

In closing, I would like to compliment Mr. 
Tenenbaum and the Inland Steel organization 
for this excellent contribution. We are proud 
that it came from the Chicago District. 


S. L. Hovt{t—The discussions have re- 
peatedly emphasized the importance of trying 
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to make semikilled ingots uniform, with the 
yields secured. There can be no doubt about 
the importance of the yield because that affects 
the cost and also has an effect on the use to 
which the semikilled steel can be put. But the 
properties of the material are also important 
in their own right, regardless of the yield, or 
regardless of the process which you adopt in 
making the steel, and they, too, are bound to 
affect the general use of the product which you 
turn out. 

When I was at -A. O: Smith, we used large 
amounts of semikilled steel, and that led us 
into quite extensive investigations, not on the 
yield, of course, but on the properties of 
the steel. The more experience we had with the 
semikilled steel of the type we were using, the 
more respect we had for it. 

That respect was engendered by two things: 
the small losses we had in fabrication and the 
quality of the product which we were able to 
turn out, when the steel was suitably made. 
When the steel was not suitably made with 
respect to the properties, our fabrication losses 
went up and the quality of the finished product 
suffered likewise—though I dare say the ingot 
yields were about the same in both cases and, 
from the paper, I presume the two would be 
judged to be equally satisfactory. 

So in my discussion of this excellent paper I 
dislike accepting as the only criterion of success 
of semikilled practice, the ingot yield. The 
properties of the material are just as important; 
in fact, they are almost all-important when the 
steel gets into the hands of the fabricator. 

There is one other point I should like to 
raise in connection with semikilled steel, and 
that is the deoxidizer used. I should like to ask 
if there is any difference in the properties of the 
steel and in the rolled surface conditions, with 
the use of silicon or aluminum to produce the 
desired ingot structure. Does the use of alumi- 
num give as high a quality of surface as the 
silicon practice? 


M. TeENENBAUM—I would like to thank all 
of the discussers for their kind remarks regard- 
ing this paper. I appreciate them very much. 

I think I will perhaps reverse the procedure 
in answering the questions and answer Dr. 
Hoyt’s question first. I am very glad that 
someone did emphasize the point of view of the 
consumer because, after all, that is the person 


for whom the steel is made, and it is his uses 
which we must consider first. 

As John Marsh pointed out, we only produce 
the maximum yield of a quality that is accept- 
able to the consumer. It is my thought that 


the consumer should recognize both the limita- _ 


tions and the advantages of semikilled steel and 
thus allow himself to use the grades to the best 
advantage. With a knowledge of the properties 
of the semikilled steel, consumers are in a posi- 
tion to obtain a satisfactory product at a 
reasonably low cost. 

Thus, if a consumer has use for a grade with 
no very severe properties desired other than it 
meet a rather wide tensile range, it usually is 
not necessary to provide a very expensive grade 
of steel. Thus he can obtain a grade that is 
perfectly satisfactory for his particular applica- 
tion at reasonable cost to himself. 

In the manufacture of more completely 
deoxidized types of semikilled it is usually 
preferred to use silicon rather than aluminum 
for the primary ladle deoxidation. This 
preference is based on the fact that enough 
silicon may be added to suppress subsurface 
blowhole formation to the point where good 
surface quality is attainable. With controlled 
further deoxidation there can be some gas 
formation within the body of the ingot to 
compensate for some or all of the shrinkage. 

Continuing and going backwards, I would 
like to support Mr. Yarotsky for his remarks 
on the effect of deoxidation on steel, and the 
effect of heating practice and rolling practice. 
He has pointed out that semikilled steels can- 
not be made by one single practice for all 
applications. I think our views coincide. 

On the question of rolling and welding, I 
think welding during rolling is one of the very 
pertinent questions in the industry today. We 
are beginning to recognize more and more how 
much welding can be accomplished during the 


rolling process. I think the plants do some of it ; 


right along, whether they are doing it inten- 
tionally or unintentionally. Most plants are 
making grades in which they intend to accom- 
plish some welding of pipe as well as subsur- 
face blowholes during rolling. 

Leon Nelson mentioned the undesirability of 
using no mold deoxidizers. The ingots of Fig rz 
were made using no mold deoxidizers. In these 
ingots the pipe is away from the top surface and 
well down into the ingot. This practice is not 
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recommended when the overall deoxidation is 
marginal for the reasons given by Mr. Nelson. 
However, there appears to be some application 
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structure is concerned. Spiegel is a fairly 
innocuous furnace addition in its effect on gas- 
forming reactions. 


Thus its use is dictated 


8—Ercanp SECTION FROM 12-IN. x 12-IN. BLOOM ROLLED FROM INGOT TREATED WITH 


HYDROGEN—TOP CUT. 


q 

for grades made by a similar practice but which 
involve slightly more complete deoxidation. 

Generally for the highest yields, some adjust- 
ment of oxidation is allowed for the mold addi- 
tion, This not only completes deoxidation but 
allows for the variations from heat to heat 
which occur so characteristically in open 
hearth practice. 

The question as to the use of spiegel does not 
seem to be very significant insofar as ingot 


more by individual plant conditions than by 
any specific effect on ingot structure. 

In answer to Mr. Sims’ question as to evi- 
dence other than sulphur printing to establish 
the existence of inverted V segregate this 
was done by drilling around the indicated 
segregated position. When sufficient samples 
were taken the position of the segregate could 
be established by chemical analysis. 

Mr. Yarotsky has answered John Marsh’s 
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question as to the preferred practice. There is 
no preferred practice on semikilled steel as far 
as we can see. It depends considerably on the 
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was carefully controlled. The point that rate of 
pour may affect the position of blowholes is 
very well taken. We have had no direct experi- 
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HYDROGEN—BOTTOM CUT. 


application. A more detailed discussion of this 
general subject is given on p. 127 of the text. 

Mr. Kulp pointed out some of the limita- 
tions of this investigation. We intend to extend 
this investigation to other steel analyses, and 
hope to make further information available in 
the near future. > 

Mr. Kulp suggests that the rate of rise of 
metal in the mold definitely affects quality. 
This brings up a point that was not sufficiently 
stressed. On the ingots studied the rate of rise 


ence with this variable, but there is some 
indirect evidence to indicate this is an im- 
portant feature. 

Mr. McQuaid’s experiences with small in- 
gots seem to parallel the results with larger 
sizes. It does not seem that any particular 
practice can be specified solely on the mold size 
and mold design. It is likely that the practice to 
be used would depend considerably on the end 
use. 
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Fic 40—HeEat 7 X 4320 INGOT NO. I. 16, PCT HOT TOP EVACUATED. 


Further Discussion on Hydrogen in Killed Steels and Its Effect on Ingot Structure* 


B. R. Queneaut—The origin and effect of 


hydrogen in liquid steel have been subjects of 


* This discussion on ingot structure was 
presented at the steelmaking session, Chicago, 


947: 
+ Carnegie-Illinois Steel Co., Chicago. 


considerable experimentation and discussion, 
but as yet our knowledge is incomplete. As part 
of a South Works investigation on flakes in 
steel, an ingot of SAE 4140 was treated with 
hydrogen. There were added to the ingot 130 
cf of hydrogen by means of a lance as the metal 
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filled the mold. The ingot was rolled to 12 
X 12-in. blooms and slowly cooled. Sections 
from these blooms were macroetched and com- 
pared with other ingots from the same heat. 


Fig 38 and 39 show the etched sections from 
the hydrogen treated ingot. The core of the 
top cut contains dark blotches where the steel 


etched more rapidly, whereas the untreated 
ingots do not show these defects. It is believed 
that hydrogen gas was liberated on solidifica- 
tion to form blowholes and that the last metal 


to freeze drained back into these gas cavities 
as the hydrogen was liberated. A microexami- 
nation of the dark blotches showed them to be 
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highly alloyed and the presence of numerous As a result of this marked segregation occur- 
sulphide inclusions confirmed the belief that ring in a heat of killed alloy steel when treated 
these areas were the last to freeze. with hydrogen gas in the mold, it was decided 


The two rings seen in the section of the bot- to make a fundamental study of hydrogen in 
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Frc 42—Herat 7 X 4320 INGOT No. 3. 16 PCT HOTT 
killed alloy steels. This investigation was di- 
vided in three parts: 1. The determination of 
the amount of hydrogen in molten steel as 


op N ADDED. 


tom of the ingot are mild steel and come from 
the lance which burned off while adding the 


hydrogen. 
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affected by furnace practice and raw materials. 
2. The methods of controlling the amount of 
hydrogen in the steel. 3. The effects of hydro- 
gen on the steel quality. 

To date, work has been completed on electric 
furnace steels. It has been found that (1) hy- 
drogen in the steel increases with increase in 
the humidity of the furnace atmosphere and 
decreases with rise in the oxygen content of 
the bath. (2) Water vapor from additions dur- 
ing the reducing period seems to have greater 
effect than moisture in the charge or earlier 
additions. (3) A vigorous carbon boil or treat- 
ment of the bath with oxygen tends to reduce 
the amount of hydrogen in the molten metal. 

In an effort to determine the effect of hy- 
drogen on steel quality on electric furnace 
steels, a heat of NE 8740 was poured into 
2s-in. square molds with C & D hot tops. The 
various ingots were treated as follows: 

No. 1—This ingot with a 16 pct hot top 
volume was continuously evacuated during its 
solidification. The evacuation was accom- 
plished by placing a steel hood over the molten 
steel in the hot top and using a vacuum pump. 
Evacuation was continued for approximately 
134 hr after pouring. 

No. 2—Hydrogen was added to the steel 
throughout the teeming of the ingot. A Y-in. 
lance and a pressure of about 5 psi were used, 
the pressure being gradually increased as the 
ingot filled to 25 psi and a total of 35 cf was 
added 
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No. 3—Nitrogen was added to the steel . 


throughout the teeming of the ingot in an 
effort to reduce the hydrogen content. The 
nitrogen was added in the same manner and 
approximately the same amount as the 
hydrogen. 

Fig 40, 41 and 42 show the macroetched 
sections of these three ingots. No practical 
difference could be found between the evacu- 
ated, the hydrogen-treated or the nitrogen- 
treated ingots. 

This heat of NE 8740 steel was made by 
standard South Works alloy steel practice 
using oxygen during the melt down period. The 
ingots are unusually sound, free of porosity or 
segregation and it is believed that this high 
quality is a direct result of the oxygen practice. 
The reason for the soundness of the hydrogen- 
treated ingot is apparently that there was 
insufficient pick-up of hydrogen to exceed the 
solubility at the freezing point and no hydrogen 
evolution occurred during solidification. 

There is much further work to be done on the 
effect of hydrogen on steel quality but already 
we have good experimental data showing a 
marked decrease in flaking in alloy steels made 
with the oxygen practice, and the heat above 
indicates a marked decrease in segregation and 
increase in soundness in steel having low hy- 
drogen content. Further experiments are 
planned to confirm these results. 
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The Origin of Silicate Inclusions in Basic Electric-arc-furnace 
Steel of Higher Carbon Contents 


By AxEL HuttcrEN,* MremBer AIME 
(San Francisco Meeting, February 1949) 


In ingots of silicon-killed carbon steel: 
made without addition of aluminum, 
transparent spherical or nearly spherical 
inclusions, up to about o.15-mm diameter, 
are generally present. They may be 
glassy or crystallized, wholly or partially. 
In steels of high carbon contents they 
consist of silica,‘:12 in steels of lower carbon 
contents and, in consequence, higher 
oxygen contents, of iron-manganese-silicate 
with higher iron and manganese contents 
the lower the carbon content. 

Small silicate inclusions, about 0.01 mm 
or smaller, may occur, just as sulphide 
inclusions do, in portions that have been 
the last or nearly the last to freeze,}°-1?,1” 
this location. being verified by primary 
etching.!° Hence, it may be concluded 
that they have separated from liquid 
steel that has become enriched in oxygen 
through segregation during freezing. 

Silicate inclusions with a diameter 
larger than about 0.02 mm appear, at least 
in ingots of moderate size, tp be distributed 
at random in relation to the primary 
structure and therefore may be assumed 
to have existed as droplets in the liquid 
steel before freezing started at the point 
in question. The average size of such large 
inclusions has been found to increase 
toward the axis!? and their amount to 
increase from the top downward in the 
axial region.?!° It has been assumed 


Reprinted from Electric Furnace Steel Pro- 
ceedings, AIME (1946) 50, as translated by 
the author from Jernkontorets Annaler ( 1945) 
129 (11), 633. Issued as TP 2418 in METALS 
TECHNOLOGY, August 1948. 

* Professor of Metallography, Institute of 
Technology, Stockholm, Sweden. 

4 References are at the end of the paper. 


that this accumulation is a result of the 
droplets being brought down by the 
slowly settling metal crystals.” 

It has been suggested that large silicate 
inclusions generally form,® or may form,!® 
by coagulation of smaller ones, or by 
small drops being caught by larger ones 
during the rising of the latter.? The occa- 
sional occurrence vf a large inclusion sur- 
rounded by a swarm of small ones has 
been taken as a proof of this mechanism 
but, as suggested later, may be explained 
in another way. It has been pointed out 
that an inclusion droplet in the liquid steel 
may grow at the expense of an adjacent 
one, which implies diffusion of soluble 
inclusion-forming elements in the liquid 
steel.15 Further, it has been pointed out 
that, on cooling in ladle or mold, the 
metal-silicate equilibrium is displaced in 
the direction of separation of silicate. 
Thus inclusions may grow in size and 
amount.?2:3+8)12,13,17,19, 20 

The exposure of the liquid steel to the 
oxygen of the air during tapping and 
pouring, and the consequent reaction, 
has been mentioned as a source of the 
formation of inclusions!2° but this possi- 
bility has not received particular attention. 
Further, the admixture of furnace slag 
during tapping! or of refractory material 
from various sources!:?° has been con- 
sidered. The inclusions due to the latter 
may be recognized, however, through 
their resistance to hydrofluoric acid, 
imparted by the alumina content. 

Silicate inclusions are often referred 
to as the natural and inevitable prod- 
uct of reaction on adding silicon or silicon 
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and manganese to the bath as deoxi- 
dizers.®1%,19.20 Tt is understood that under 
suitable conditions a certain amount of 
inclusions may be removed from the 
bath by rising, particularly when the 
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Kurlbaum pyrometer on a spoon sample 
and not corrected, was raised to about 
1475°C and then allowed to drop to 
1400° to 1390°C before tapping. 

Still, the ingots cast from the ladle 
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product is easily fusible, because it will 
then coaculate more readily.* This question 
is discussed in succeeding paragraphs. 

The idea that inclusions existing in the 
pig-iron charge may be preserved during 
the steel-melting process®?° seems in- 
compatible with the rapid reaction between 
liquid steel and dispersed slag demon- 
strated by Perrin.'! 


EARLIER OBSERVATIONS AT SODERFORS 
STEEL WORKS 


Steel samples taken from the furnace 
and cast in small test molds contained, 
or were free from, silicate inclusions, 
depending upon the moment of sampling. 
Within 1o or 15 min. after the silicon 
addition inclusions were present, later 
they were not. Only silicate inclusions 
larger than o.o1 mm were considered. 
The steel was 1.10 pct carbon steel, the 
furnace had two top electrodes and bottom 
electrode. Silicon addition was preceded 
by manganese addition. The temperature 
of the bath, as determined by a Holborn- 


always contained silicate inclusions. At 
the time, the steel was tapped over an 
open spout in a broken stream, the tapping 
hole being pierced after the furnace had 
been tilted to let the slag come last. 

Later, a refractory tapping tube was 
fitted to the spot (Fig 1) and a smooth, 
nonturbulent tapping stream was ob- 
tained. The amount of silicate inclusions 
appeared to decrease, probably owing to 
the contact area between’ steel and air on 
tapping, and therefore the amount of 
oxidation, being reduced. The fact that 
small test ingots poured with a restricted 
“strangled” stream from the ladle often 
showed up to 0.02 pct less carbon than 
the large ingots also seemed to indicate a 
reaction between steel and air. 


SAMPLING AND METHODS OF INVESTIGATION 


Several series of tests under varied con- 
ditions of tapping and pouring were carried 
out at Séderfors. 

Samples were taken from the furnace 


with a slagged spoon and were cast in a | 
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round mold (Fig 2). From the ladle samples 
were cast in a square mold (Fig 3). Further, 
samples were taken from furnace, ladle or 
mold by dipping a special sampling mold 
according to Kalling and Rudberg,'® so- 


_ called K-R samples. 
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Fic 3—SQUARE 
SAMPLE MOLD. 


Fig 2—CIRCULAR 
SAMPLE MOLD. 


The sample ingots generally were cut 
in two lengthwise, one half was hardened 
and the longitudinal section was polished 
and examined in the microscope. 

From ordinary ingots, generally 9 
or 14 in. square, after annealing, transverse 
disks 12 mm thick were taken, often at 
two levels, 14 and % from the bottom. 
From each disk a rod was cut out from 
surface to center. The r2-mm wide section 
was used for investigation. 

All inclusions larger than 0.01 mm were 
registered as to position, size, shape, 
color, degree of transparency and crystal- 
lization. From these data the number per 
unit area, average size and quantity of 
inclusions in percentage by volume were 
obtained. Generally, after a section had 
been examined it was reground to re- 
move the inclusions counted and a new 


determination was made. This was often 


repeated. 
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EFFECT OF RESTRICTING THE POURING 
STREAM IN CASTING SMALL SAMPLE 
INGoTs 


Sample ingots (Fig 3) were cast in 
succession from the ladle with full and 
with restricted stream, respectively. The 
steel had the following composition: 
Gro.63 apct, 1910172; Min, 1,005 0.007 
and S 0.006. The nozzle diameter was 25 
mm. Transverse sections, 50 mm from 
the bottom, were examined. The results 
are given in Table r. 


TABLE 1—Tests on Ingots of Figure 3 


Ingot, poured with 
Position Full Stream Restricted Stream 
of Test 
Volume Volume 
b , 5 
ne | di Pct X 1073 ns| a? Pet. X 10-3 
Zone 0 tol mm 
from surface |5.0|66 rey, 47| 92 31.3 
Zone I to3 mm 
from surface |2.5|42 0.4 52/254 265 
Zone 3to7 mm 
from surface |1. 5/68 0.5 18}104 15.8 
Core 39 mm 
SQUATE....++ 3.5195 ait 71198 25 42 
Ota lense as 1. 8/82 1.3 19|170 54 


« Number of inclusions per 10 sq cm. 
b Average diameter, mm X 107%. 

A few inclusions with hard crystals 
(Fig 4) and opaque inclusions probably 
originating from refractory material were 
omitted. The transparent ones were gen- 
erally round or rounded, of gray or yellow 
gray color in dark-field illumination. 
They were largely crystallized and often 
contained iron beads. Sometimes the 
matrix appeared to be eutectic. Various 
types of crystals were present, such as 
dark and light gray (light-field), more or 
less angular, elongated and rosette-like 
ones. Figs 5 to 15 show examples. Some 
inclusions showed a thin border zone, 
up to 0.002 mm thick, dark and transparent 
(Figs 6 and 8), others a surrounding zone 
in the metal, up to 0.02 mm thick contain- 
ing dispersed small “satellite” inclusions, 
9.001 to 0.004-mm diameter, and, within 
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a distance of about 0.012 mm, tiny particles 
0.0001 to 0.0002-mm diameter (Figs 10 
to 15). The satellite inclusions were also 
transparent and generally glassy. 
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Table 2 shows similar results obtained 


from another heat. 


From the results recorded it may be 


concluded that the increase in amount of 


Fic 5—LIGHT GRAY CRYSTALS (PROBABLY FAYALITE) IN GLASSY GROUNDMASS. 


When these inclusions showing surface 
phenomena were counted and measured 


the following results were obtained: 


INCLUSIONS 
With border........... 
With surrounding zone. 


NuMBER DIAMETER, MM 


18 
14 


0.088 
0.271 


inclusions caused by restricting the pouring 


stream is due to oxidation. Probably the 
surface of the metal stream is covered by a 
film of silicate rich in iron and manganese, 
which on mixing with the metal forms 
droplets. On account of their large size 
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they will probably rise quickly but many 
are caught by the rapidly freezing metal, 
particularly in the outer portions of the 
ingot. The flat inclusions (Fig 9) probably 
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Fic 6—LIGHT GRAY (PROBABLY FAYALITE) 
AND DARK (PROBABLY CRISTOBALITE) CRYSTALS, 
IRON BEADS, BORDER ZONE. 


owe their shape to the splashing movement 
of the liquid metal against the freezing 
_ ~ front. efi 
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TaBLe 2—Additional Tests on Ingots of 
Figure 3 


7 


Ingot, Poured with 


Position 


of Test Full Stream Restricted Stream 
Volume, | Volume, 
n\d Pct X 1073] ” d Pct X 1078 
_Total........-. 5.0/90 Sout 14/262 715 


The iron-manganese silicate introduced 
into the steel in this way, not being in 
equilibrium with it, reacts with it. At 
the contact surface silicon in the steel 
will reduce iron and manganese from the 
silicate. The border probably is due to 
the increased silicon and decreased iron 
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and manganese contents in the surface 
layer of the silicate droplet. In the sur- 
rounding metal zone the silicon content 
will thus decrease and the oxygen content 
will increase. In consequence, oxygen will 
diffuse into, and silicon from, the main 
mass of the metal. Where these diffusion 
currents meet, the small satellite inclu- 
sions are separated. The decrease in size 
of the main drop on reduction will prob- 
ably influence the width of the surrounding 
zone. The fact that the inclusions with 
border were on the average smaller than 
those with surrounding zone may be due 
to the effect of the metal dominating 
in the former, and the silicate in the latter 
case.* These reactions may be assumed 
to stop when the steel freezes. The tiny 
oxide particles in the inner portion of the 
surrounding zone probably were pre- 
cipitated from the solid metal during 
freezing or during cooling afterward. 
The ideas here put forward receive added 
support from results to be given in the 
following pages and are believed to have a 
bearing on cases described in the litera- 
ture of larger inclusions surrounded by 
small ones. 


TAPPING AND POURING TESTS ON A LARGE 
SCALE 


Heats 6833-6836; 1.10 Per Cent Carbon 
and Silicon-manganese Steels 


Four heats were made in a 3}4-ton 
furnace, two of 1.10 pct carbon steel, and 
two of silicon-manganese steel. Composi- 
tions and tapping temperatures are given 
in Table 3. From each type of steel one 
heat was tapped as described in the fore- 
going pages, through a refractory tube 
(Fig 1), the slag coming last, and the 
other heat over a spout with a broken 
profile (Fig 22), in order to spread and 
impart a turbulent movement to the 


* The average size of the sections is con- 
sidered to be representative of the average size 
of the inclusions, although it is, of course, much 
smaller. 


178 THE ORIGIN OF SILICATE INCLUSIONS 


STOTT ENE PEE AI ENG TE 
ete ROL Le Os Tin Bosal 


| 


Fic 7—FAYALITE, CRISTOBALITE, IRON BEADS, BLOWHOLES. X 170. 


TABLE 3—Compositions and Tapping Temperatures § 


fae Composition, Pct Tapping 
ea : ‘empera- ; 
sare. Tapping Procedure 
Deg Cs 
6833 1440 Through tube, metal first ys 
6834 Fairly cold] Turbulent stream, some slag from the beginning 
6836 1392 Same as heat 6833 - 
6835 1388 Same as heat 6834 


* Uncorrected reading on bright metal surface in spoon, 
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stream. In the latter case, some slag 
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No aluminum was added in ladle or. 


accompanied the metal from the beginning molds. K-R samples and spoon-sample 


of tapping. 


The ladle that was smeared with refrac- 


ingots (Fig 2) were taken from the furnace 
before and after additions. K-R samples 


Fic 8—CRISTOBALITE ROSETTES, IRON BEADS, BORDER ZONE. X 500. 


tory mortar was well dried and _ pre- 
heated. The steel was held in the ladle 
for 4 to 6 min. and was poured through a 
25-mm graphite nozzle. The following 
variables were represented in pouring: 


9 and 14-in. square ingots. 

With and without after pouring. 

Full and restricted stream. 

Air blast directed on pouring stream. 
Pouring through funnel. 

Tarred and untarred molds. 


TABLE 5—Turbulent Tapping. Classification of Transparent Inclusions 


were taken also from the ladle and in one 
case from a mold, always from a depth of 
about 15 cm below the surface. Sample 
ingots (Fig 3) were poured with full 
stream at three stages during the casting 
of the large ingots. 


K-R Samples and Sample Ingots (Fig 2) 


The K-R sampling was not entirely 
successful. Fig 23 shows that some of the 
K-R molds were not filled. Several of 


a Time after 
Heat Steel ple nd o 
No. Tapping 
d 
: Min. Sec. 
6834 | Si-Mn 4 14 64 
5 I 16 86 
6 4 14 41 
6835 | 1.10 pct carbon 4 20 108 
5 I 55 76 
6 4 20 39 


Transparent Inclusions Larger than 0.01 Mm 


Total Per Cent Average Diameter 
Vol. Pct Semi- | Non- Semi- | Non- 
xX 1073 Glassy glassy | glassy Glassy glassy | glassy 
12.0 12 12 76 36 50 88 
16.9 5 12 83 36 . 46 I01L 
1.2 47 48 5 33 41 41 

41 0.4 £.0.1 07.7 22 42 122 
9.5 Lard 3.2 | 96.5 28 33 89 

0.8 25% |e7seoe 1144.0 20 39 48 
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the samples contain large cavities, ap- 
parently due to the outlet freezing pre- 
maturely. The varying locations of the 


Fic 9—FLAT OR LENGTHENED INCLUSION 0.05 
INCH FROM LATERAL SURFACE. 


cavities is due to the mold, by oversight, 
having been held in different positions 
during freezing of the metal. The sample 
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ingots (Fig 2) were solid. Two of the 
samples, taken before deoxidizing addi- 
tions were made, contain blowholes. 

The results of the examination of the 
sections are given in Table 4. A few large 
globules, exceeding o.5 mm in diameter, 
have been omitted, on the consideration 
that drops of that size, had they been 
present before sampling, would have 
risen to the surface. They had probably 
been introduced in sampling, either from 
the basic slag cover--removed in prepara- 
tion—or from oxidation of the metal. 
The opaque inclusions, which generally 
were few, probably originated in the 
refractory material. They will not be 
further considered here. 

Table 4 shows that the metal in the 
furnace was free from inclusions before 
the additions were made, and contained 
only a small amount just before tapping, 
which was carried out 16 to 23 min. after 
the last silicon addition. 

In the two heats that were tapped with 
a smooth stream, the steel showed in the 
ladle, immediately after tapping, an 
inclusion content of 2.4 X 107%, and 
1.6 X 107 vol. pct, respectively. In the 
other two heats, tapped with a turbulent 
stream, the corresponding figures were 
12.0 X 1078 and 41 X 107% vol. pet. After 
4 to 5 min. in the ladle, the latter figures 


- had decreased to 1.2 X 107% and 0.8 X 


10-8 vol. pct. Meanwhile, the average size 
of the drops decreased from 0.064 to 
0.041 mm and from 0.108 to 0.039 
mm. 

It may be concluded that turbulence 
in the tapping stream causes oxidation 
of the metal to a far greater extent than 
smooth tapping does, with the result that 
larger and more numerous silicate in- 
clusions are formed. These inclusions, 
however, will largely disappear during a 
few minutes in the ladle, partly by rising 
and partly by reduction and solution in 
the metal (see later). In consequence, the 
steel in all four heats showed about the 
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Fic 10—‘‘ SURROUNDING ZONE,” INCLUDING SILICATE GLOBULES AND PARTICLES. X 1500. 


FIG 11—SAME AS Fic 10, DARK FIELD ILLUMINATION. X 1500. 
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Fic 12—SAME AS FIG 10, POLARIZED LIGHT. X 1500. 
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Fic 13—SURROUNDING ZONE. X 1500. 
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same amount of inclusions in the ladle 


just before pouring. 
Some transparent inclusions were wholly 
or largely glassy (Fig 16), showing in 
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Thus is confirmed what was suggested 
earlier in this paper—that the silica content 
of silicate inclusions formed by oxidation 
of the metal during tapping originally is 


Fic 14—SaME AS Fic 13, DARK FIELD ILLUMINATION. X 1500. 


polarized light a dark cross (Figs 13, 15, 
17). Others showed an imperfect cross, 
owing to the presence of a moderate 
amount of crystals. They will be called 
semiglassy (Figs 18 and rg). A third group 
of transparent inclusions lacked the cross 
(Figs 20 and 21) and are called nonglassy. 
Most of the latter showed a finely dotted 
structure; sometimes well-developed crys- 
tals were present. Transparent inclusions 
with crystals containing aluminum were 
not found. 

On classification of the transparent 
inclusions in the ladle metal after tur- 
bulent tapping in these three groups, 
it is found (Table 5) that they changed 
with time. Their size and amount de- 
creased and their composition was altered, 
as indicated by their increasing glassiness. 
This was most evident in the silicon- 
manganese steel but also visible in the 
carbon steel. Of all inclusions present at 
the same time the nonglassy ones were 
largest, the glassy ones smallest. 


lower than the equilibrium value, and 
that during the ensuing chemical reaction 
it gradually increases, the tendency for 
crystallization thus diminishing. The ve- 
locity of this change will be greater in 
small than in large inclusion droplets and 
probably greater in the silicon-manganese 
than in the carbon steel. 

It should be noted that the inclusions 
in these sample ingots rarely showed 
the reaction phenomenon referred to as 
border or surrounding zone. Two con- 
tributory causes thereof may be sug- 
gested: (1) the proportion of air to metal 
at the moment of oxidation was less in 
tapping than in pouring with a restricted 
stream and (2) the time for reaction was 
much longer in the ladle than in the cast 
sample ingots, which froze rapidly. It is 
to be expected that a so-called border will 
disappear with time by equalization. On 
the other hand, the small inclusions in a 
so-called surrounding zone may be gradu- 
ally dissolved in the surrounding un- 
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saturated liquid metal, perhaps dissolved 
and reprecipitated on the large inclusion 
or possibly may join the latter through 
some coagulation process. 


Fic 15—LARGE SILICATE GLOBULE TOGETHER 
WITH SWARM OF SMALLER ONES, 0.15 INCH FROM 
LATERAL SURFACE. X 500. 


Oxygen and Nitrogen Contents 


Oxygen and nitrogen contents of steel 
samples obtained by the vacuum-fusion 


Fic 
Fic 16, POLARIZED 
LIGHT. X 600. 


I7—SAME AS 


Fic 16—GLassy IN- 
CLUSION. X 600. 


process are given in Table 6. Only one 
determination was made on each sample. 
As indicated above, the K-R samples 
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were not homogeneous in regard to dis- 
tribution of inclusions. Thus results from 
the sample ingots (Fig 3) are probably 
more reliable. 


Fic 18—SEMIGLASSY INCLUSION. X 600. 


The oxygen content of the metal, at 
definite stages, is given for the four heats 
in Table 7. 

Before tapping, the carbon steel was 
lower in oxygen than the silicon-man- 
ganese steel, probably an effect of the 


Fic 19—SAME AS Fic 18, POLARIZED LIGHT. 
X 600. 


higher carbon content. On tapping, the 
oxygen rose, more on quiet tapping, un- 
expectedly. During about four minutes 
in the ladle it sank somewhat after tur- 
bulent tapping, but not after quiet tapping. 
In the sample ingots cast from the ladle, 
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oxygen was higher than before tapping 
and otherwise depended on composition 
and tapping procedure, being lower for 
turbulent tapping. 
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Fic 20—NONGLASSY INCLUSION. X 200. 


The expected correlation between oxygen 
and inclusion contents (Tables 6 and 4) 
was not realized. Allowing for some un- 
certainty in the oxygen determination 
for the K-R samples, it still seems probable 
that tapping the steel in a turbulent way, 
mixing it with slag, caused the oxygen 
content of the metal to increase less 
(about 70 pct) than quiet tapping, when 
the slag followed the metal (about 200 pct). 
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to be that the white furnace slag on being 
mixed with the metal in the former case 
further reduces the dissolved oxygen 


Fic 21—SAME AS FIG 20, POLARIZED LIGHT. 
X 200. 


content in a manner similar to the Perrin 
process for purifying liquid steel.'? Simul- 
taneously, other parts of the metal are 
brought in contact with the air and 
oxidized, with the result that a great many 
inclusions are formed. Part of the oxida- 


Heat 


Steel 


Tapping 


TABLE 6—Oxygen and Nitrogen Contents 


Sample Time O, Pct | N, Pet 
6833 | Si-Mn Quiet, K-R 2, furnace 14 min. before tapping 0.0035 | 0.0055 
metal first | K-R 3, furnace 5 min. before tapping 0.0018 | 0.0057 
K-R 5, ladle I min. after tapping 0.0054 | 0.0063 
Sample ingot Fig 3 | After three 14-in. ingots 0.0033 | 0.0066 
Sample ingot Fig 3 | After further four 9-in. ingots 0.0033 | 0.0068 
Sample ingot Fig 3 | After further two 14-in. ingots 0.0033 | 0.0062 
6834 |Si-Mn | Turbulent, | K-R 4, ladle 14 sec. after tapping 0.0029 | 0.0063 
slag from | K-R 5, ladle I min. 16 sec after tapping. 0.0029 | 0.0053 
beginning | K-R 6, ladle pte 14 sec. after tapping 0.0022 | 0.0055 
Sample ingot Fig 3 ter three 14-in. ingots 0.0023 | 0.0059 

Sample ingot Fig 3 | After further one 14-in. ingot and two 
; 9-in. ingots 0.0028 | 0.0054 
; Sample ingot Fig 3 | After further two 14-in. ingots 0.0025 | 0.0053 
6836 | 1.10 pct | Quiet, K-R 1, furnace 17 min. before tapping 0.0010 | 0.0045 
carbon] metal first | K-R 2, furnace 6 min. before tapping 0.0013 | 0.0057 
K-R 3, ladle 45 sec. before end of tapping 0.0029 | 0.0060 
K-R 4, ladle I min. 15 sec. after tapping 0.0036 | 0.0067 
K-R 5, ladle 4 min, 15 sec. after tapping 0.0038 | 0.0061 
Sample ingot Fig 3 | After three 14-in. ingots 0.0027 | 0.0070 
Sample ingot Fig 3 | After further five 9-in. ingots 0.0026 | 0.0073 
Sample ingot Fig 3 | After further two 14-in. ingots 0.0024 | 0.0068 
6835 | 1.10 pct | Turbulent, | K-R 2, furnace 18 min. before tapping 0.0012 | 0.0051 
carbon | slag from K-R 3, furnace 7 min. before tapping 0.0014 | 0.0085 
beginning | K-R 4, ladle 20 sec. after tapping 0.0024 | 0.0073 
K-R 5, ladle I min. 55 sec. after tapping 0.0021 | 0.0073 
K-R 6, ladle __ 4 min. 40 sec. after tapping 0.0015 | 0.0051 
Sample ingot Fig 3 | After three 14-in. ingots 0.0019 | 0.0070 
Sample ingot Fig 3 | After further one 14-in. ingot and one | 0.0016 | 0.0077 

a4 : Q-in. ingot 

Sample ingot Fig 3 | After further two 14-in. ingots 0.0016 | 0.0075 
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The only conceivable explanation appears — 
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tion product probably will react with the 
basic slag, the main part of which will 
rapidly rise out of the metal. A great 
many silicate droplets are left in the 


YELL 


metal as tapping is concluded. While the 
metal is in the ladle dissolved oxygen is 
equalized by diffusion and convection, 
the silicate droplets are gradually reduced 
and dissolved, the larger ones rising and 
leaving the metal at an appreciable rate. 
Table 8 indicates the way in which the 
oxygen contents found compare with the 
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contents of equilibrium with (CO + CO.) 
and with solid silica. 

Considering the uncertainty of data for 
equilibrium conditions, 


particularly for 


SEKT. A-A 
Fic 22—TAPpPING SPOUT WITH BROKEN LONGITUDINAL SECTION. 


the silicate equilibrium and that of the 
oxygen determinations made, only tenta- 
tive conclusions can be drawn from 
Table 8; as follows: 

1. For both steels the furnace slag, 
reduced by coke additions, has brought 
the oxygen content of the metal in the 
furnace considerably below the value for 


TaBLE 7—Oxygen Content of Metal at Definite Stages 


Tapping. .z.-< 2020s Jononntpeuere Avo clic cerca ee 
In furnace, 5 to 7 min. before tapping.........------ 
In ladle, just after tapping.........--- eerste reese 
In ladle, just before pouring........-----+++++-+++> 
In sample ingots, average....--.-+-- +++ reer ee eeeee 


Oxygen, Pct 
aeetae Si-Mn 1.10. Pet € 
acess 6833 6834 6836 6835 
fenclclns Quiet Turbulent Quiet Turbulent 
id 0.0018 0.0013 0.0014 
wares 0.0054 0.0029 0.0036 0.0021 
ote aia 0.0022 0.0038 0.0015 
Leecres 0.0033 0.0025 0.0026 0.0017 
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Heat 


6833 


6834 


e@ 6835 


6836 


Fic 23—HEATS NO, 6833-36. SECTIONS OF SAMPLE INGOTS ACCORDING TO Fic 2 AND OF K-R SAMPLES. 


X 0.2. 


TABLE 8—Dissolved Oxygen in Liquid Steel under Different Conditions, Compared with 


Oxygen Found by Analysis 


Steel with 0.65 Pct C 


Dissolved O, 1500°—1600°C, 1 atm. equilibrium with (CO 
mene Os) (7)! (18), BODLOR OCs aero sane Hie als sLeteoce apes aks 0.0037 


Steel with 0.70 pct Si 
I.0 pct Mn 


Dissolved O, equilibrium with silicate slag¢ 
TOOO’C JAOPTOK. DCtn pina pei aithaields a uresrcatestenrsta’s hie 0.0066 
1500-1525°C, approx. pct 


0.0022 
O determined, furnace sample before capping: gut ORG ee: 0.0018 
At approx. temperature, deg C: as read.. ; Sateen: 1440 

as corrected....-..+-.. ++ 1590 


O determined after quiet tapping, ladle sample taken after 
SiMe OA CAted) PCk. Pawasaihacielviemete oe wlniy  Ciste wiobanete ay I min. 0.0054 


O determined after turbulent tapping, ladle sample taken 
atteritime indicated, DCt helen ctr cvsteslulelia + slerilelecleicei's e.0 14 min. 0.0029 
: 144 min. 0.0029 
434 min. 0.0022 


Steel with 1.10 Pct C 


0.0021 


Steel with 0.25 pct Si 
0.33 pet Mn 


0.0120 
0.0039 


0.0012 
1390 
1525 


114 min. 0.0036 
Y min. 0.0038 


3g min. 0.0024 
2 min. 0.0021 
434 min. 0.0015 


@ Ref. 13, 300 (Fig 12) and 305 (Fig 18). 
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dissolved oxygen at gas equilibrium for 


one atmosphere pressure at existing carbon 


content and temperature, and also below 
the value for equilibrium with silicate slag 


Fic 24—HEAT NO. 7320. SECTIONS OF CON- 
SECUTIVE K-R SAMPLES. X 0.2. 


at existing temperature and contents of 
silicon and manganese. The latter is 
particularly evident for the carbon steel. 

2. For both steels, tapping with quiet 
stream has caused an increase in the 
oxygen content to a value approximately 
corresponding to the silicate equilibrium 
and exceeding the value for gas equilibrium. 
The amount of inclusions in this case 
being moderate, the greater part of the 
oxygen was in solution. 

3. On turbulent tapping the oxygen of 
the silicon-manganese steel was increased 
but still remained below the values for 
both equilibria. For the carbon steel 
the oxygen content was raised approxi- 
mately to the value for gas equilibrium, 
which is less than that for silicate equilib- 
rium. Since a large amount of inclusions 
was present in both cases, the dissolved 
oxygen content was probably low enough 
to favor the dissolution of the inclusions 
formed in the metal. While the metal 
remained in the ladle, the total oxygen 
fell almost to the value before tapping, 
very likely owing to the greater part of the 
inclusions rising from the steel, the dis- 
solved oxygen rising meanwhile. 

To indicate the deoxidizing power of the 
furnace slags, their FeO contents at tapping 


were as follows: 
ee ek ee 


Steel piurceeis |e se 
Cater .128 0 6833 6834 6836 6835 
FeO, pct..... 0.29 0.37 0.22 0.29 
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Large Ingots 


Data for large inclusions in the ingots 
of commercial size are given in Table 9. 
Samples were taken from two levels of each 
ingot. The total amount of large silicate 
inclusions is generally less than 0.5 X 10-% 
vol. pct, of the same order as that of K-R 
samples taken from the ladle just before 
pouring began. There would appear to be 
no pronounced or definite effect of the 
intentional variations in tapping or pour- 
ing. Most of the oxidation products of 
restricting the pouring stream, for in- 
stance, already referred to, have had 
time evidently to rise out of the metal, 
a result of the ingot size. 


Heat 7320; Silicon-manganese Steels— 
Longer Stop in Ladle 


The composition of the steel of heat 
7320 was: C, 0.60 pct; Si, 0.85; Mn, 
0.99; P, 0.013; S, 0.007; Cr, 0.28; W, 0.21. 
FeO in end slag was 0.59 pct. Temperature 
just before tapping was 1432°C (uncor- 
rected), raised above the normal one— 
about 1420°—to compensate for the 
longer stop in the ladle. The metal was 
tapped quietly through a refractory tube. 
The stream being thinner than normal, 
tapping lasted for 2 min. ro sec. The metal 
was held for 8 min. in the ladle. One K-R 
sample was taken from the furnace and 
five at intervals from the ladle. Sections 
are shown in Fig 24. Table 10 gives data 
on inclusions in the samples. Holding the 
metal for 6 min. brought the amount of 
inclusions down from a fairly high to a 
very low value. A few very large in- 
clusions believed to be formed in sampling 
are not included. The results confirm the 
earlier results for quietly tapped heats, 
6833 and 6836 (Table 4). 

Two heats, Nos. 7703 and 7888, of 
silicon-manganese steel were made in the 
344-ton furnace with the object of testing 
the effects of using a Caspersson ladle 
and of surrounding the metal stream 
with nitrogen gas to prevent oxidation. 
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TABLE 10—Inclusions in K-R Samples, Heat 7320 
Inclusions Larger than 0.01 Mm 
Ean before apne after 
apping appin Total 
papers fepping ‘ota Transparent Opaque 
ns Pct cOns n d Pet x 1052 n d Pct X 1078 


ay”, number per 10 sq cm. 
bd, average diameter, mm X 10%. 
n d Pet X 1073 
I 167 54 
540 90 


transparent, near top surface. 


¢ Not included: 0.5 
transparent, near top surface. 


4 Not included: 4.0 


Heat 7703; Silicon-manganese Stee]— 
Caspersson Ladle 


The steel of heat 7703 had the following 
composition: C, 0.68 pct; Si, 0.65; Mn, 
1.08; P, 0.015; S, 0.007. The Caspersson 
ladle attached to the furnace is shown in 
Fig 25, with the arrangement for nitrogen 
supply and the labyrinth seal between 
ladle and mold. The nozzle diameter 
was 30 mm. The nitrogen was deoxidized 
by passing it through three preheating 
tubes and one tube filled with charcoal, 
all tubes enclosed in a.furnace and heated 
to about 850°C. 

The furnace was tilted 4 min. before 
tapping. Three 14-in. ingots were cast and 
three K-R samples were taken. Results 
are given in Table 11. 


The metal in the Caspersson ladle was 
low in inclusions and so were the ingots 3 
and 4, cast without and with nitrogen 
protection, respectively. The K-R sample 
from mold 5 and ingot 7 cast with nitrogen 
were fairly high in silicate inclusions, 
however. Contributing causes thereof prob- 


ably were: long time of pouring of ingot 


No. 7 (3 min., 45 sec) owing to cooling 
of the metal in the Caspersson ladle, 
which was insufficiently heat-insulated 
and probably too weak a nitrogen stream 
to prevent air from entering. 


Heat 7888; Silicon-manganese Steel— 
Caspersson Ladle 


The composition of the steel in heat 
7888 was: C, 0.59 pct; Si, 0.84; Mn, 1.02; 
P, 0.010; S, 0.007; FeO in end slag, 0.97. 


TABLE 11—Inclusions in K-R Samples and 14-inch Ingots, Heat 7703 


Time 

before ee et 
Sample Remarks Tap- ee 

° 
M Ingot 
n 

K-R 2 | From Casp. ladle 
K-R 3 | From Casp. ladle 
K-R 4 | From mold No. 5 
Ingot 3 | Without nitrogen 
Ingot 4 | With nitrogen 


Ingot 7 | With nitrogen 


ae Weeote xy LOm* 


Inclusions Larger than 0.or Mm 


SS ee SF ee 


Transparent Opaque 


n |d}| Pct X 1074] n 
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FIG 25—CASPERSSON LADLE WITH ARRANGEMENT FOR CASTING WITH NITROGEN PROTECTION 
(14-INCH MOLD). 
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The inside dimensions of the Caspersson 
ladle were unaltered but a _ Sil-O-Cel 
layer 65 mm thick had been added to 
improve insulation (Fig 27). 


Fic 27—CASPERSSON LADLE WITH ARRANGE- 
MENT FOR CASTING WITH NITROGEN PROTECTION 
(9-INCH MOLD). 


Table 12 gives the results and shows 
that the ingot No. 4 cast in air, in regard 
i to freedom from large inclusions, was 
comparable with the best ingots tapped 
and poured in the ordinary manner, and 
that ingots 5 and 8, cast with nitrogen 
protection, were purer than any other 
large ingot examined so far. 
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Heat 3269; Silicon-manganese Steel— 
10-ton Furnace, Perrin Effect 


The composition of the steel in heat 
3269. was: C, 0.64 pct; Si, 0.73; Mn, 1.06; 
P, 0.016; S, 0.006; FeO of the end slag, 
0.82. 

This heat was made in the to-ton 
furnace, in an attempt to utilize the reac- 
tion between furnace slag and steel in 
tapping (Perrin effect). 

The metal charge was 5200 kg, the slag 
charge twice the ordinary one. The 
tapping hole was increased to 20 cm to 
enable tapping to be accelerated. Some 
slag was tapped first, then metal and 
slag together. The fall was about 2.5 meters. 

The temperature 11 min. before tapping 
was 1450° (uncorrected). The metal was 
held 12 min. in the ladle. At intervals 
during pouring of 9-in. ingots sample 
ingots (Fig 3) were poured with full 
stream. 

Results for 9-in. ingots and samples 
are given in Tables 13, 14 and 15. In 
Table 14 the transparent inclusions are 
classified; Table 15 gives oxygen and 
nitrogen contents. 

The steel was almost free from inclusions 
before tapping, and contained 5.0 X 107% 
vol. pct transparent inclusions 1 min. 
after tapping (Table 13); as expected, a 
high value, but by far not as high as the 
one obtained from the 314-ton furnace 
with the same steel composition. This 
is due probably to the tapping stream 
from the larger furnace being thick and 
fairly well collected. 


TABLE 12—Inclusions in 9-inch Ingots, Heat 7888 
Een en nec Tn nn nee EEE 


Total 


Inclusions Larger than 0o.or Mm 


Transparent Opaque 


R 1 Level ’ 
Ingot eniarss from | Exami- 
No. Bottom | nations 
of Ingot 
4 Without nitrogen yy ic} 1.1] 54 
5 With nitrogen M4 3 0.5} 21 
8 With nitrogen 4 2 0.8] 18 


n | d | Pct X 10°73 | 2 


d | Pct X 1073] n | d | Pct X 1073 


ae hl 
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taken from the upper part of the liquid — 
metal, which may be assumed to be richer H 
in inclusions than the lower part. Further-— 


In the ladle the amount of inclusions 
decreased (Table 14 K-R-2 to K-R-7), 


soon 


first rapidly, later slowly, and reached 
after 11 min. the value of 0.7 X 107% vol. 
pet. The purification in this case was 


slower than in earlier comparable tests 
(heats 6834 and 6835, Table 4, and heat 
7320, Table 10). 

During the 12 min. in the ladle the 
character of the silicate droplets gradually 
changed, the resulting inclusions in the 
earlier stages being largely nonglassy; in 
the later stages semiglassy and_ glassy. 
At the same time, their size decreased 
somewhat. These results agree with the 
earlier ones (Table 5). 

The inclusions content of the 9-in. ingots 
was somewhat smaller than that of the 
last K-R sample taken from the ladle, 
possibly because the K-R samples were 


more, purification ought to continue in — 


the ladle during pouring. 


SEKT. A-A 
Fic 28—TapPinG Spout. 


Considering further the 9-in. ingots, 
it is seen that ingot No. 11 was richer 
in inclusions than ingots Nos. 1 and 6; 
that glassy inclusions were absent in all 
three and that the proportion of nonglassy 


ae es ee ee 


ones increased from ingot No. 1 to ingot 


No. 6. It is suggested that those inclusions 


originated largely in the pouring operation, — 


probably because of decreasing speed 
and increasing dispersion of the pouring 
stream. 

The oxygen contents from Table 15 
may be compared with those of Table 7 
for heat 6834, made in the 3}4-ton furnace, 
as follows: 


i 
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Ri fewer inclusions than the last K-R sample 
Oxygen 3}¢-ton Furnace | Fur- from the ladle. 
nace 


Before tapping, pct...... 
Immediately after tap- 


The great scatter in oxygen values is 
connected probably with the deposit 
caused by the high manganese content of 


“7 PY DCL ic cits seu ¢- 0.0029 0.0017 
Before pouring, pct...... 0.0022 0.0015 the steel. 
In sample ingots (Fig 3) 
RIVE DOU atts Nino cus 2 on 0.0025 0.0027 . 
0022 Heat 8951; 1.10 Pct Carbon Steel—Ordinary 


In 9-in. ingot No. 6, pct oO. 


For heat 3269 the metal evidently was 
only slightly oxidized in tapping, in agree- 


Ladle—N itrogen 
The composition of the steel in heat 
8951 was: C, 1.21 pct; Si, 0.20; Mn, 0.32; 
P, 0.010; S, 0.009. The temperature before 


ment with what has already been said 

a about the amount of inclusions. On pouring tapping was 1395° (uncorr.). The furnace 
3 sample ingots (Fig 3) from the ladle was tapped in the following way: first some 
» there was, however, a considerable amount slag, then metal in a smooth stream to- 
of oxidation, although they contained gether with lags, followed by the remaining 
Be 


TABLE 13—Inclusions in K-R Samples, Sample Ingots and 9-inch Ingots, Heat 3269 


Time Inclusions Larger than 0.01 Mm 
Level | ber of 
Sample Before | After | froM | Ry. Total Transparent Opaque 
Tap- | Tap- oe amin- 
ping ping: a ations 
Started,|Ended, n |d|Pct X 1073] n d | Pct X+1073 | » | d| Pct X 1073 
Min. in. 
JES: ae 6 I 3-5|19 0.1 2.8 | 20 0.09 0.7117 0.02 
Sample ingot 
Ghee oe 2 I 0.3}20 0.01 @aey ih eke) 0.01 (0) o 
Se ae icianes I I |39.2/43 5.9 seh yl te) 5.0 4.1|52 0.9 
mR A atsiaeyaie. < 4 Z. 122.7138 2.5 £8525) 32 1.6 4.5|50 0.9 
ised 2S ye ae 6 I |24.8|28 be5| 22.3%| 28 ea 2.5|26 o.1 
PER OWercais cic ah r |17.6)/27] - pork 15.8 | 27 I.0 1.831 Ont 
ED II I |I7.1/22 Our7, 17.0 | 22 Oin7, 0.1I|19 0.04 
 g-in ingot 1.. % 2 | 3.8|26 0.2 3.8 | 26 0.2 ° ° 
— 9g-in. ingot 6. . 43 2 1.90/34 Gn2 He 38 Bee () to) 
: in. ingot II. 4 2 5.7133 0.5 ; F 
¢ = AMOR NCHS mneet sits! oiesens 2s ert ©.en I.5 |306 Il.2 


af TABLE 14—Classification of Transparent Inclusions, Heat 3269 


g-in. ingot I1.. 


Time, Min. - Transparent Inclusions Larger than 0.or Mm 
: Ss 1 Total Per Cent Average Diameter 
: nits Before pee 
ap- ap- : 
i i Vol Pct Semi- Non- Semi- Non- 
5 ping ping d X 1073 Glassy glassy glassy Glassy glassy wiusey 
K-R eee Rae ee 6 19 0.09 fo) 13 87 I4 2I 
i t 
Saree 2) Fens "1 20 0.009 100 ° (0) 20 
-R 2 oe = I 33 5.0 Il 13 76 21 29 54 
BIR. 4.0 flees 4 33 1.6 4 55 Al 17 30 ae 
K-R 5 : 5 6 20 4 23 55 22 24 28 26 
K-R é. i 7 27 I.0 38 30 32 23 29 35 
BK RTs cist <aie< II 22 0.7 39 48 13 20 24 26 
g-in. ingot I... 23 0.2 () 66 34 25 28 
9-in. ingot 6%... 29 0.2 ° 20 80 21 35 
: 28 0.5 t) 23 17 28 28 
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slag. Some of the ingots, which were 9 in. 
square, were poured with nitrogen protec- 
tion, a sand seal being applied below the 
ladle. The results are given in Table 16 
(K-R samples and sample ingots) and 
Table 17 (9-in. ingots). 


TABLE 15—Oxygen and Nitrogen Contents, 


Heat 3269 
wu ee See 
Sample Time O, Pct | N, Pct 
Ke Re sch ciee 6 cyst before tap-| 0.0015 |0.0077 
pin; 
Sample ingot| 2 See before tap-| 0.0015 |0.0074 
Fig 2 ping 
ERE Sy cteletaietoliien? 6 min. after tap- | 0.0017 |0.0079 
ping 
oR! Gicieractelaterele 7 min. after tap-| 0.0014 |0.0073 
ping 
3 Be II min. after tap-]| 0.0015 |0.0070 
ping 
Sample ingot A 
(CEs a) icisrey After ingot No. 1 | 0.0028 |o.0081 
0.0028 |0.0069 
0.0024 |0.0074 


SOE ae ingot B 


(Fig 3) After ingot No. 6 | 0.0026 |0.0071 
0.0028 |0.0073 
(a) 


.0029 |0.0074 


Sample ingot C 
(Fig 3) 


EIS) corte After ingot No. 11 | 0.0024 |0.0073 
0.0023 |0.0068 
0.0034 |0.0053 
0.0022 |0.0073 


g-in. ingot No. 

6 0.0020 |0.0077 
0.0003)|0.0063 
0.0023 |0.0077 
0.0031 |0.0073 
0.0019 |0.0084 
0.0017 |0.0079 


The furnace samples were not quite 
free from inclusions (Table 16). In the 
ladle the amount fell from 5.4 X 107% to 
2.0 X 107% vol. pct in 7 min. The bottom 
sample taken after 8 min. showed 0.7 X’ 
10-3, Hence, the purification in the ladle 
was slow. (The values for K-R-3 and 
K-R-4 are doubtful, since only a small 
portion of the mold was filled.) As before, 
a marked glassiness characterized the 
inclusions in the later samples. 

The amount of inclusions in the o9-in. 
ingots (Table 17) was moderate but not 
negligible (0.3 to 0.9 X 107% vol. pct). 
The repeated examinations of the same 
sample after regrinding did not show good 
agreement. Evidently the total area 
examined should have been larger. No 
effect of the nitrogen protection is seen. 
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Either the metal was not sufficiently © 
purified in the ladle or the arrangement for 
nitrogen supply was not leakproof. The 
conclusions drawn from the earlier tests 
using nitrogen in connection with the — 
Caspersson ladle do not bear generalization. 

Ingot No. 17, the last of the heat, was 
incompletely filled. It contained several 
blowholes and a number of very large 
silicate inclusions, partly globular, partly 
interdendritic, drawn into and between 
the steel crystals in the center of the © 
ingot. A qualitative spectrographic analysis 
of the slag accumulated at the bottom of 
the pipe cavity gave the following com- 
position: Ca (more than 10 pct), Mg, 
Al, Si, Fe (trace). Hence it would appear 
that both furnace slag (Ca, Mg) and 
refractory material (Al, Si) had taken 
part in its formation, probably also 
oxidation products of the steel (Si). 
Regardless of whether the great quantity 
of silicate inclusions is due to oxidation 
during the necessarily slow pouring at the 
end or a washing down of silicate drops 
earlier accumulated at the top of the 
ladle metal, the last ingot in the pouring 
series, even though it be filled completely, 


-is likely to contain ,a large amount of 


inclusions. 


Mechanism of Growth of Silicate Inclusions 
and of their Spontaneous Removal from 
Liquid Steel 


As mentioned earlier, it has often 
been postulated that inclusions of larger 
size, during the time available in practice 
in the furnace, ladle and mold, are subject 
to rising in the liquid steel at a rate 
depending on their size and density, 
according to Stokes’ law. A contributory 
factor, under favorable conditions con- 
sidered to be important, would be the 
postulated growth in size by coagulation, 
the latter phenomenon being promoted 
by low viscosity of the silicate. 

Herty and Fitterer4 produced test 
ingots 3 in. square with low carbon and 
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different silicon contents. They found 
that the. silicate inclusions in the center 
of the ingot were considerably larger after 
small silicon addition than after large 
silicon addition. This was ascribed to 
the coagulation of small droplets in the 
former case, facilitated by the low vis- 
cosity of the silicate poor in silica. Near 


the surface the inclusions were small in 


both cases. This indicates that the large 
inclusions did not exist as such at the 
moment of casting. 
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caused by lowered solubility on cooling, 
or, in the case of constant temperature, 
by supersaturation. The growth of the 
separate drops would be favored by: 
(z) low rate of nucleation, (2) high oxygen 
and low silicon content in the metal, 
resulting in large decrease of solubility 
on cooling and steep concentration gra- 
dients. Possibly, in large ingots, small 
droplets are dissolved while large ones 
grow. 

The coagulation hypothesis apparently 


TABLE 16—Inclusions in K-R Samples and Sample Ingots (Fig 2), Heat 8951 


eee — 


Time, Min. 


Transparent Inclusions Larger 


pone than 0.01 Mm 
le c Exami- 
SS Before After ee nation 
ning eee Sq Cm n d | Pct X 1073} Glassy 
ThCAR Wty, Seapets OO GO coma ees 12 Io I I 49 0.2 
2 I 20 0.03 
Avg I 35 o.1 
Sample ingot (Fig 2) ..........- II 32 I 2g 44 0.3 
2 2 36 0.2 
Avg 2 40 o.3 Most 
ECSIRE Fin, cess Eto Go OID ORONO ones omens I 20 ie 03 78 6.2 
2 20 54 4.5 
Avg 16 66 5.4 Most 
K-R 3 3 4.5 I 18 | 163 37 
2 24 100 19 
Avg (21) | (132) (28) Most 
5 6 I 16 08 T24 
2 33 32 2.0 
Avg (25) (65) (7.5) Most 
7 15 I 10 50 , 1.9 
2 12 46 2.0 
Avg II 48 2.0 All 
8 Il I 12 25 0.6 
2 27, 19 0.8 
Avg I9 22 0.7 All 


a Samples K-R 2 to K-R 5 were taken about 15 cm beneath surface; sample K-R 6 near bottom of ladle. 


The author has heard no explanation 
of the coagulation of inclusions in liquid 
steel convincingly demonstrating how it is 
that the droplets meet, at least not on the 
scale required to explain their regular 
increase in size toward the center of an 
ingot. It seems more likely that existing 
small droplets grow by continued separa- 
tion from the metal, made possible by 
diffusion of silicon, oxygen, and man- 
ganese. The separation is believed to be 


is strengthened by the occurrence of large 
inclusions surrounded by or adjacent to 
a swarm of small ones, an observation 
not seldom recorded. Still, the conclusion 
that the large inclusion is growing by 
coagulation of the small ones is doubtful. 
As demonstrated in the present investiga- 
tion, it appears to be a common occurrence 
that silicate drops, newly formed by 
oxidation during tapping or pouring, 
and not being in equilibrium with the 
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TABLE 17—IJnclusions in 9-inch Ingots, Heat 8951 
i - Transparent Inclusions 
eed Casting evel 2 Larger than 0.01 Mm 
Temper- | ,.. . eve Exami- 
Ingot No. ature, | Nitrogen from nation 
Deg C Bottom ys 
Min. Sec. i n d Pct <s0 
0° without % I 4 42 0.6 
d ; iis 2 34 eed 
3 1s 33 1.3 
Avg 9 36 0.9 
3 2 30 with 1% I 4 28 0.3 
2 15 31 La 
3 8 30 0.5 
Avg 9 30 0.7 
r 5 without 4% It 2 30 0.2 
g sh ae 2 9 29 0.6 
3 8 34 0.7 
Avg 6 31 0.5 
8 16 with BoA I 8 30 0.6 
2 8 27 0.5 
3 10 33 0.9 
Avg 9 30 0.6 
13 19 30 375° with Ky I 6 27 0.2 
2 7 22 0.3 
3 6 36 0.6 
Avg 6 28 0.4 
14 20 15 without 14 I 6 27 0.3 
2 13 29 0.8 
3 10 26 0.5 
Avg 10 27 0.6 
16 21 15 1365° | without K I a) 37 0.3 
2 5 27 0.3 
3 6 36 0.3 
Avg 5 30 a 


metal, react with the latter, causing a 
separation of smaller silicate droplets 
in the transition zone. The reaction 
droplets gradually. disappear, probably 
by being redissolved in the steel. Only 
by arresting the process by the freezing 
of the steel is the configuration of in- 
clusions described realized in the solid 
steel. The gradual change of nonglassy 
drops not in equilibrium with the steel 
to glassy drops in equilibrium as followed 
in some instances in the present investiga- 
tion should be noted. 


SUMMARY AND CONCLUSIONS 


Two types of steel made in a basic- 
lined arc furnace were investigated, one 
a carbon steel with 1.10 pct C and the 


other a spring steel with 0.65 pct C, 
0.70 pct Si and 1.0 pct Mn. 

The aim of the investigation was to 
determine: (1) the conditions for the 
formation of silicate inclusions in the 
molten steel, mainly during tapping and 
pouring, (2) in what manner the inclusions 


are affected by the stay in the ladle and 


(3) the value of certain measures for 
diminishing the amount of silicate in- 
clusions in the steel. 

With the metallurgical practice fol- 
lowed, the steel was practically free 
from inclusions and low in oxygen when 
tapped from the furnace. In the ladle, 
immediately after tapping, the steel 
contained spherical silicate drops in greater 
quantity the more turbulent the tapping 
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stream—from 1.4 X 107? to 41 X 107% vol. 
pet. The oxygen content also rose during 
tapping; curiously enough, less in a 
turbulent stream. In that case, it is 
suggested, the intimate admixture of 
the white furnace slag may have caused 
some deoxidation of the steel (‘‘Perrin 
effect’’). 

While in the ladle, the steel in a few 
minutes got rid of the greater part of 
its silicate contents as exemplified by the 
following figures: 


VoLuMrE PER CENT 


FRoM To Time, Min. 
aeomexX, 16° ¢ £2 Xo 1One 4 
Ate LOD” 0.87, 105° 4 
Bs 7i > Ko ks TR ODK Lone 3 
Lax On on2. < 1O* 3% 
TeX IGa"s 9 OF 056/107 ® 6 
ROD KO) ° On7 oS LOD 10 
READ etOns On 7X 10m" 7 


During the same time the average diam- 
eter of the inclusions (greater than 0.010 
mm) decreased from 0.031-0.108 to 0.022- 
0.041 mm and their structure was altered: 
when just formed they were largely 
crystallized, after a few minutes they 
were more or less glassy. 

It may be assumed that the oxidation 
of the tapping stream results in the forma- 
tion of a silicate relatively rich in iron 
and manganese oxides. This will gradually 
dissolve to some extent in the unsaturated 
liquid steel and also through reaction with 


~ the silicon in the steel become successively 


poorer in iron and manganese oxides and 


- richer in silica. Meanwhile the greater 


number of the larger inclusions obviously 
disappear from the steel by rising to the 
surface. as 
Two-inch test ingots were cast from the 
ladle using a normal and a restricted 


stream, respectively. The latter procedure 


caused an enormous increase in inclusions. 
Owing to the rapid freezing of the steel 


immediately after the formation of the 


inclusions, evidence of reaction between 


4 the latter and the steel was retained; for 


TO9 


instance, swarms of small drops around 
the larger ones. Such formations have 
been thought to indicate that large 
drops often are formed by coalescence of 
small ones, which seems a _ doubtful 
explanation. 

In the ordinary ingots cast from the 
ladle (9 in. and 14 in. square) the contents 
of silicate inclusions were 0.1 X 107% to 
0.9 X 107%, generally less than 0.5 X 107% 
vol. pct. Restricting the pouring stream 
or blowing air onto it had no appreciable 
effect on the amount of inclusions, pre- 
sumably because most of the silicate 
drops formed had time to escape by rising. 
The last ingot poured seems likely to con- 
tain a large amount of silicate inclusions. 

When using a_ so-called Caspersson 
ladle attached to the furnace and pouring 
through purified nitrogen, content of 
silicate inclusions as low as 0.02 X 107% 
vol. pct was obtained in the ingots. 

The growth of silicate inclusions before 
freezing of the steel in the mold is con- 
sidered to be due to precipitation from 
solution and diffusion in the liquid steel, 
generally not from coalescence of small 
drops. 


ACKNOWLEDGMENTS 


In the determination of the number, 
size, character, and distribution of in- 
clusions in the steel, Messrs. K. G. Goth- 
berg, P. C. Blomquist and A. Nilsson 
have assisted the author and deserve his 
thanks. 

The resources and the experience of 
Sdderfors Steel Works have been gen- 
erously offered for the benefit of the 
investigation. 

The investigation is part of a research 
program supported by Jernkontoret (The 
Swedish Ironmasters’ Association) in Stock- 
holm and has been carried out under the 
immediate guidance of a committee con- 
sisting of Messrs. B. Kalling, H. Kihlander, 
G. Phragmén, M. Tigerschiold, and the 
author. To his fellow’ members of the 


200 


THE ORIGIN OF SILICATE INCLUSIONS 


committee the author wishes to express 
his warm thanks for their pleasant and 
efficient cooperation. 


EU a so 


on 


REFERENCES 


McCance: Jul. Iron and Steel Inst. (1918) 
97, 239. 


. Dickenson: Jnl. Iron and Steel Inst. (1926) 


113, 177. 

Wohrman: Trans. Amer. Soc. Steel Treat. 
(1928) 14, 539. 

Herty and Fitterer: Min. and Met. Invest. 
Carnegie Inst. of Tech., Bull. 36 (1928). 

Herty and Gaines: Trans. A.I.M.E. (1929) 
84, 179, 195. 

Herty and Fitterer: U.S. Bur. Mines RJ. 
3081 (1931). 


. Vacher and Hamilton: Trans. A.I.M.E. 
_ (1931) 95, 124. 
. Sims and Lillieqvist: Trans. A.I.M.E. 


(1932) 100, 154. 


9. 
10. 


Il. 
12. 


13. 
14. 
15. 
16. 
ie 
18. 


19. 


20. 


Iron and Steel Inst., Spec. Rept. No. 2, 
4th Rept. Het. Steel Ing. (1932) 62. 

Hultgren and Phragmén: Varml. Bergs- 
mannaforen Ann. (1932) 116. 

Perrin: Rev. de Mét., Mem. 30 (1933) 1, 71- 

Portevin and Perrin: Rev. de Mét., Mem. 30 
(1933) 175; Trans. Iron and Steel Inst. 
(1033) 127, 153: 

Korber and Olsen: Mitt. K-W-I. Eisen- 
forsch. (1933) 15, 121, Abh. 242, 271. 
Urban and Chipman: Trans. Amer. Soc. 

for Metals (1935) 23, 93- 

Portevin and Castro: Jn. Iron and Steel 
Inst. (1935) 132, 237. 

Kalling and Rudberg: Jernkontorets Ann. 
(1936) 120 (3), 138. 

Amberg and Hultgren: Jernkontorets Ann. 
(1936) 120 (7), 332- 

Phragmén and Kalling: Jernkontorets Ann. 
(1939) 123 (5), 199. 

Ranque: Rev. de Met., Mem. 39 (1942) 331, 
360; (1943) 40, 25. Stahl und Eisen 
(1944) 64, 459; 73- 

Wentrup and Linder: 
(1943) 63 (48), 873. 


Stahl und Eisen 


4 


. sete 


Ue) 


oh i Shoat 


TONE 


3 
o 
a 
a 


A Method for Determining the Origin of Surface Defects in Rolled 
Steel Products 


By C. L. Mrverre,* MEemprer AIME, anp V. E. Eviiotr* 
"(New York Meeting, February, 1948) 


THE conditioning of semifinished steel 
products such as billets, blooms, and slabs 
to remove surface defects before further 
processing to finished products is a neces- 
sary accompaniment to steel mill rolling 
operations. A knowledge of the kinds of 
defects which occur and of the conditions in 
melting, teeming, and rolling that may 
lead to their occurrence is favorable to the 
production of quality products. 

Surface defects may be classed as either 
of mechanical origin such as those that 
occur in the heating and rolling operations 
and include breaks, tears, guide marks, me- 
chanical laps and the like, or they may have 
been in the ingot before heating and rolling. 
Examples of the latter are ingot cracks, 
blow-holes, scabs, and inclusions which 
lead to the numerous known types of seams 
and surface flaws. Most of the common 
types of surface defects and methods for 
their identification by visual examination 
or by the aid of macro-etch tests are well 
known. The conditions which caused their 
formation are also appreciably understood 
and this knowledge has been instrumental 
in the establishment of methods for metal- 
lurgical control. 

There are, however, defects of doubtful 
origin. In any endeavor to trace the causes 
for their occurrence, the question of first 
concern is: 
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1. Whether they were formed in the 
rolling procedure. 2. Whether they existed 
in the ingot prior to rolling: In the case of 
semifinished products which are rerolled to 
finished products there is also the question 
of whether they were formed in the primary 
or in the secondary rolling. 

In metallurgical laboratories where nu- 
merous or routine examinations of the 
quality of rolled products are made over 
the course of time, there will doubtless be 
many puzzling cases of defect origin. 
Microscopic examination of the defects 
may, however, reveal a characterizing 
condition that can be used to classify them 
broadly with respect to their origin: Such 
a condition has been observed and, after 
detailed investigation, is described here 
with the thought that it may offer a usable 
and relatively simple solution to a bother- 
some problem. 


BASIS FOR CLASSIFYING 


In this discussion the term ‘‘mechanical 
type defects” will be used to designate 
those that have occurred as a result of 
the rolling operations such as in rolling 
from the ingot to billets, blooms, or slabs or 
in rerolling to finished products. The 
term ‘steel type defects” will be used to 
designate those that were present in the 
ingot prior to primary rolling or that 
were in the semifinished product prior to 
secondary rolling to finished product. 

The basis for distinguishing between the 
two types of defects lies in the relative 
degree of subscale formation surrounding 
them. Subscale is defined! as a zone of 


1 References are at the end of the paper. 


201 


202 


oxide particles precipitated and dispersed 
within a metallic matrix which has oc- 
curred by diffusion of oxygen inward from 
the metallic surface. In the routine 
examination by means of the microscope of 
a large number of cases, it has been ob- 
served that the diffusion of oxygen from 
the scale formed within the defect during 
heating and rolling varies in degree, de- 
pending upon the time of contact between 
scale and metal. Where the defects were 
present prior to a heating operation, as in 
the case of steel type defects, the time of 
contact will be long depending upon the 
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drilled in various samples of carbon, alloy, 
and stainless steels. 

2. To observe the extent of oxide diffu- 
sion adjacent to two kinds of defects which 
were produced artificially in the laboratory 
and which may be called synthetic, me- 
chanical type and steel type defects. 

3. To apply the method of examination 
to actual defects as observed on samples of 
rolled product processed in the mills. 


Diffusion of Oxide from Scale-packed Holes 


Samples from ten commercial grades of 
steel were obtained for this study. Eight 


TaBLE 1—Steels Tested 


Se eee — ee 


Billet Size in 


Chemical Composition 


AISI Grade Inches 

(Section) 
C-1o15 2X2 Oo. oO. 
C-1045 axe oO. oO. 
C-1095 2X2 Oo. oO. 
C-1112 a X12 oO. tT. 
A-2335 xX 1% Oo. oO. 
A-4068 1% x1% Oo. oO. 
A-4140 149 x 1% oO. o. 
A-9260 1% xX 1% Oo. oO. 
403 (12 Cr)* 1% X14 oO. oO. 
321 (18-8)* 1% x1% oO. oO. 


He 
monoooo0o00coo 


coooooco0o0°o 
ceooooo00o0o09o 


conoooooo°o 
MOCCOWODOOO 
eo000000000 
coooooooo°o 
° 
Lal 


* Electric furnace steel. 


time required to bring the steel to rolling 
temperature, and the opportunity for 
oxide diffusion will be correspondingly 
great. Where the defects were formed 
during the rolling operation, as in the case 
of mechanical type defects, the time of 
contact between the metal and the scale 
formed within the defect will be short, 
depending only upon the time needed to 
roll and cool the steel. Since the average 
temperature is lower during rolling than 
during heating, the opportunity for oxide 
diffusion will be correspondingly small. 

It will be convenient to illustrate the 
application of these effects to the determi- 
nation of defect origin by dividing the 
subject into three parts: 

1. To demonstrate the diffusion of 
oxide from scale-packed holes which were 


of the grades were basic open hearth 
furnace steels chosen to represent rather 
wide variations, in carbon, sulphur, silicon, 
nickel, chromium, and molybdenum. The 
other two were electric furnace, stainless 
steels. Samples of each grade were ob- 


acon 
- - ca 


tained in hot rolled billet form. Billet sizes — 


and compositions are shown in Table 1. 
Using billet samples }4-in. in length, a 
1g-in. diam hole was drilled in each sample 
perpendicular to the billet surface. The 
hole was drilled to a depth of one inch and 
packed with scale which had been obtained 
by heating representative samples of the 
respective grades at 2150°F, removing 
the scale and grinding it to pass an 80-mesh 
sieve. The holes were then plugged with a 
steel rod and welded to exclude air during 
the subsequent heating opération. All 
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prepared samples were then heated in an 
electrically operated and controlled furnace 
for one hour at 2150°F and air cooled, after 


Fig 3 


Micrographs showing the penetration of i 
2 of carbon steel. Samples heated for 1 hr at 2150 
r 500. Reduced one-fourth. 


which a cross-section was cut through the 
scale packed portion of each hole. The sec- 
tion was mounted in bakelite, and polished 
by usual methods for microscopic examina- 


tion. No etchants were used since oxide 
penetration was clearly revealed after the 
polishing operation. 


Fig 2 


Fig 4 


Fic 1—C-1112 STEEL. 
Fic 2—C-1015 STEEL. 
Fic 3—C-1045 STEEL. 
Fic 4—C-1095 STEEL. 
ron oxide from scale to metal in four AISI grades 
°F Oxide-metal interface at top. Samples unetched. 


The micrographs, Fig 1 to 10, illustrate 
the amount and type of oxide diffusion in 
the various grades of steel. It may be 
observed that considerable diffusion had 
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occurred in all of the grades with the 
exception of the 18-8 grade of stainless 
steel, Fig 10, in which there is only a small 


Fig 5 


Fig 7 


Fic 5 


random and extended to a greater depth 
in the plain carbon and AISI A-4068 
grades than in the other alloy grades where 


Fig 6 


Fig 8 


A-2335 STEEL. 


Fic 6—A-4068 STEEL. 

Fic 7—A-4140 STEEL. 

Fic 8—A-9260 STEEL. 
Micrographs showing the penetration of iron oxide from scale to metal in four AISI grades of 
alloy steel. Samples heated for 1 hr.at 2150°F. Oxide-metal interface at top. Samples unetched. 


. X 500. Reduced one-fourth. 


amount of oxide penetration. With this 
exception, the oxide appeared as a band 
of fine precipitate parallel to the edge of the 
exposed surface. The penetration was more 


the penetration was more compact and 
showed evidence of outlining the grain 
boundaries. Variations in depth or char- 
acter of the penetration are, however, of 
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less concern than evidence of penetration 
or lack of it in the various grades of steel 
selected for illustration. It may now be 
shown that evidence of oxide penetration 
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laboratory rolling mill. A photograph of 
the mill, a single pass hand mill of the 
screw-down type designed for experimental 
use, is shown in Fig rr. The samples were 


soe 


aia 


Fig ro 


Fic o—AISI 403 STEEL. 
Fic 1o—AISI 321 STEEL. 


Micrographs showing the penetration of iron oxide from scale to metal in two grades of stain- 
less steel. Samples heated for 1 hr at 2150°F. Oxide-metal interface at top. Samples unetched. 


x 500. Reduced one-fourth. 


from scale to surrounding metal is either 
lacking or is present in the metal adjacent 
to defects, depending upon whether they 
originated during or prior to the rolling 
process. Evidence will be shown first for 
flaws that were synthetically produced to 
simulate both mechanical type and steel 
type defects. . 


Diffusion of Scale from Synthetic 
Flaws 


To produce mechanical type defects, 
billet samples 3-in. in length from each of 
the grades of steel shown in Table 1 were 
used, The samples were heated at either 
2000 or 2150°F for periods of 1 or 3 hr, 
after which they were removed from the 
furnace and at once notched }¢-in. deep 
on one surface along the center line in the 
direction of rolling, using a V shaped cutter 
and a sledge hammer. The billets were 
reduced 50 to 80 pct in section on a 6-in. 


Sey ees. Ve 


air cooled from the rolling temperature, 
with the exception that the high hardena- 
bility alloy grades were slow cooled. Sec- 
tions for microscopic examination were 
taken in a manner to include a cross-sec- 
tion of the notch. 

To produce steel type defects essentially 
the same procedure was followed, except 
that the samples were notched before in- 
stead of after heating at 2000 or 2150°F for 
periods of 1 or 3 hr. More explicitly, the 
samples were first preheated for a short 
time, removed from the furnace and at 
once notched in the same manner as above, 
returned to the furnace and heated at 2000 
or 2150°F for periods of 1 or 3 hr and finally 
rolled and prepared for examination as be- 
fore described. 

It will be well to illustrate here the 
characteristic difference in oxide penetra- 
tion observed for the two kinds of synthetic 
flaws, after which some illustrations will be 
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given to show the effects of temperature 
and time of heating. For example, micro- 
graphs showing the difference in iron oxide 
types of 


penetration around the two 
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all cases examined as will be shown in the 
succeeding representative illustrations. 

To observe the effect of temperature, 
the above four illustrations, which are for 


Fic 11—LABORATORY ROLLING MILL, EXIT SIDE. 


synthetic defects produced in AISI C-1o15 
steel are shown in Fig 12, 13, 14, and 15. 
Fig 12 illustrates a characteristic mechani- 
cal type synthetic defect photographed at 
low magnification. Fig 13 shows the lowest 
portion of the same defect photographed 
at high magnification. In both illustra- 
tions there is essentially no evidence of 
oxide penetration. 

Fig 14 illustrates a characteristic steel 
type synthetic defect photographed at 
low magnification and Fig 15 again shows 
the lowest portion of the same defect 
photographed at high magnification. In 
both illustrations, the penetration of 
oxide is in evidence, and the pronounced 
difference in the two types of defects be- 
comes quite apparent upon comparison of 
the two photographs at high magnification. 
This characteristic difference has applied to 


samples prepared by heating at 2150°F, 
may be compared with Fig 16, 17, 18, and 
19, representing samples of the same 
grade of steel heated at a lower tempera- 
ture, 2000°F. The latter figures are for steel 
type defects only and some penetration of 
oxide may be observed but the degree of 
penetration is noticeably less at the lower 
temperature. Similarly the degree of 
penetration is less for a shorter heating 
period, 1 hr as compared to 3 hr. This is 
best shown by a comparison of Fig 16 and 
and 18. A similar comparison of the effects 
of temperature and time was made for all of 
the grades of steel examined and the ob- 
served differences were quite the same in 
each case where there was any evidence of 
oxide penetration. Further illustrations 
need not be given to show these effects and 
all remaining illustrations will be for 
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samples heated at 2150°F for 3 hr, the 
conditions that more nearly approach 


normal mill operating practices. 
Although a complete study of synthetic 
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the characteristic difference in oxide pene- 
tration around the two types of defects, 
it is only necessary to show a few repre~ 
sentative cases. For example, Fig 20, 21, 


Fig 14 


Fig 13 


Fig is 


Fic 12—7o X. Fic 13400 X. MECHANICAL TYPE SYNTHETIC DEFECT. 
Fic 14——75 X. Fic 15—400 X. STEEL TYPE SYNTHETIC DEFECT. 


Micrographs showing the difference in degree of iron 
type and steel type synthetic surface defects in AISI C-1015 s 


2150°F. Etched in nital. Reduced one-fourth. 


defects of each type was made at different 


- temperatures and heating times on the four 


carbon grades, four alloy grades, and two 
stainless grades of steel listed in Table 1 and 
many micrographs were made to illustrate 


oxide penetration within mechanical 
teel. Samples heated for 3 hr at 


22, and 23 illustrate the two types of 
defects in a high carbon grade of plain 
carbon steel, the AISI 1095 grade. Figures 
are shown at low and high magnification. 
Penetration of oxide is quite evident in the 
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metal adjacent to the steel type defect as 
compared to little or no evidence of pene- 
tration adjacent to the mechanical type 
defect. 


Fig 16 
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representing a high silicon grade, AISI 
A-9260 steel. Again, in both grades of steel, 
there is well defined evidence of oxide 
penetration adjacent to the steel type de- 
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Fig 19 


Fic 16—THREE HOURS. 100 X. 
Fic 17—THREE HOURS. 400 X. 
Fic 18—ONE HOUR. 75 X. 
Fic 19—ONE HOUR. 400 X. 
Micrographs showing the difference in degree of iron oxide penetration within steel type 
synthetic surface defects in AISI C-1015 steel. Samples heated for 3 hr and 1 hr at 2000°F. Etched 


in nital. Reduced one-fourth. 


Similarly two alloy grades are illustrated 
in Fig 24, 25, 26, and 27 which represent a 
chromium-molybdenum grade, AISI A- 
4140 steel, and in Fig 28, 29, 30, and 31 


fects. In the silicon grade, A-9260, the 
penetrated oxide has assumed the form of a 
definite band surrounding the flaw. This is, 
perhaps, a true case of sub-scale formation 


i? 2 
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if, as suggested by Ward,? sub-scales are for sub-scale formation to steels containing 
limited to the condition that there is a a maximum of 3.25 pct silicon. 


band of dispersed oxide separated from the 


One grade of stainless steel, the 12 pct 


outer scale by a layer of metal relatively chromium grade, is illustrated in Fig 32, 33, 


Fig 20 
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Fig 22 


Fig 21 


Fig 23 


Fic 20—75 X. Fic 21—500 X. MECHANICAL TYPE SYNTHETIC DEFECT. 
Fic 22—100 X. Fic 23400 X. STEEL TYPE SYNTHETIC DEFECT. 


Micrographs showing the difference in degre 
type and steel type synthetic surface defects in 
2150°F. Etched in picral. Reduced one-fourth. 


free of oxides. He suggests further, that 
sub-scale formation of this nature is limited 
to steels containing 1.5 to 2.5 pct silicon, 
although Darken’ limits the conditions 


e of iron oxide penetration within mechanical 
AISI C-roo5 steel. Samples heated for 3 hr at 


34, and 35 which show penetration of oxide 
adjacent to the steel type defect. This is 
in contrast to the 18-8 grade of stainless 
steel which, like the previous illustration 
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in Fig 10, showed no evidence of oxide 
penetration. 


Fig 24 


synthetically produced steel type defects. 
To illustrate the application of the method 


Fig 27 


Fic 24—100 X. Fic 25—soo X. MECHANICAL TYPE SYNTHETIC DEFECT. 
Fic 26—100 X. Fic 27—500 X. STEEL TYPE SYNTHETIC DEFECT. 


Micrographs showing the difference in degree of iron oxide penetration within mechanical 
type and steel type synthetic surface defects in AISI A-4140 steel. Samples heated for 3 hr at 


2150°F. Etched in picral. Reduced one-fourth. 


Defectsin Rolled Steel Products 


The preceding illustrations have all 
applied to laboratory examples in which 
oxide penetration was shown to occur 
adjacent to scale packed holes or to 


of examination to actual cases, a number of 
billet samples representing several grades 
of steel were obtained from material that 
had been set aside for surface conditioning. 
Where surface defects were found, sections 
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containing them were cut from the billets 
and, without further treatment, the sec- 


Fig 28 
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Fig 30 


PALS f 


show an observed defect in AISI C-1060 
steel that, in the absence of penetrated 


Fig 31 


Fic 28—100 X. Fic 29—500 X. MECHANICAL TYPE SYNTHETIC DEFECT. 
Fic 30—100 X. Fic 31—500 X. STEEL TYPE SYNTHETIC DEFECT. 


Micrographs showing the differen 
type and steel type synthetic surface 
2150°F. Etched in picral. Reduced one-fourth. 


tions were polished, etched, and examined 
under the microscope. Several examples of 
these are shown. 

For example, two carbon grades are 
shown in Fig 36, 37, 38, and 39. The first 
two of these at low and high magnification 


ce in degree of iron oxide penetration within mechanical 
defects in AISI A-9260 steel. Samples heated for 3 hr at 


oxide, may be classed as a mechanical type 
defect. The latter two show a defect in a 
grade of similar composition, AISI C-1055 
steel in which the pronounced evidence of 
penetrated oxide places this in the class of a 
steel type defect. 
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The remaining illustrations, Fig 40 
through 43, are for samples selected from 
billets of an alloy grade of steel, the 
silicon grade A-9260. This grade again 


Fig 32 
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The defect is shallow and shows the 

effect of a greater amount of reduction 

than noted in previous illustrations. 
Micrographs pertaining to all of the 


Fig 33 


Fig 34 
Fic 32—60 X. Fic 33—500 X. MECHANICAL TYPE SYNTHETIC DEFECT, 
Fic 34—60 X. FIG 35—500 X. STEEL TYPE SYNTHETIC DEFECT. 
Micrographs showing the difference in degree of iron oxide penetration within mechanical 


type and steel type synthetic surface defects in AISI 403 (12 Cr grade). Samples heated for 3 hr 
at 2150°F. Etched in Vilella’s reagent. Reduced one-fourth, 


shows the band of penetrated oxide 
adjacent to the steel type defect and 
no apparent evidence of penetration of 
oxide adjacent to the other type defect. 


Fig 35 


grades of steels observed in the course of 
this study would require a rather large 
number of illustrations and they are not all 
presented here. The examples shown for 
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rolled products are illustrations of flaws 
found in billet samples. The method should 
be readily applicable to the examination of 
defects in almost all grades of primary 


Fig 36 
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Fig 38 
Fic 36—60 X. Fic 37— 
Fic 38—100 X. Fic 39— 
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secondary rolled products, although it will 


be. well to consider: a limitation of the 
method in this respect. In rerolled products 
surface defects which have occurred solely 


Fig 37 


Fig 39 


500 X. MECHANICAL TYPE ACTUAL DEFECT IN ROLLED C-1060 STEEL. 
500 X. STEEL TYPE ACTUAL DEFECT IN ROLLED C-1055 STEEL. 


e of iron oxide penetration within mechanical 


Micrographs showing the difference in degre 
type and steel type actual surface defects in two AISI grades of carbon steel. Samples etched in 


picral. Reduced one-fourth. 


rolled steel products, although there may 
be some grades like the 18-8 stainless steel 


that do not respond. 


The method can be applied also to 


as a result of the secondary rolling opera- 
tion may be called mechanical type de- 
fects. Those which existed prior to the 
secondary rolling, whether they occurred as 
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mechanical type defects from the primary 
rolling or whether they carried through as 
existing defects from the ingot or from the 
heating operations for primary or second- 


Fig 42 
Fic 40—100 X. Fic 41—400 X. MECHANICAL TYPE ACTUAL DEFECT IN ROLLED A-g260 STEEL. 
Fic 42—100 X. Fic 43—500 X. STEEL TYPE ACTUAL DEFECT IN ROLLED A-9260 STEEL. 
Micrographs showing the difference in degree of iron oxide penetration within mechanical 


type and steel type actual surface defects in samples of AISI A-9260 steel. Samples etched in 
picral. Reduced one-fourth. 


ary rolling, may be referred to as steel 
type defects. This means that the method is 
not usable for tracing the origin of the 
defects in either finished or semifinished 
products to conditions that may have 
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existed prior to the heating operation for 
either kind of rolling, except that it may 
usually be inferred that defects of the 
nature of those being considered generally 


Fig 41 


Fig 43 


do not occur from the heating operations. 
Where, for example, the steel has been 
“burned” in the process of heating for roll- 


ing, such cases may be determined by visual 


inspection or other usual means. 
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Consideration has been given to the 
possibility that subscale formed on the 
surface metal as a normal result of scaling 
during the heating operation may become 
entrapped within a mechanical defect such 
as a lap and, as a result, the flaw may be 
misjudged as a steel type defect. This 
condition was not observed in the work 
on synthetic mechanical type defects, 
except in the case of the high silicon, 
A-9260 grade, where entrapped oxide was 
noted on the samples which had been 
notched prior to rolling. However, when 
the mechanical type defects were formed 
after the billets of A-9260 had been given 
two light passes through the rolls, no oxide 
penetration was found around the defects. 
This fact considered with the oxide pene- 
tration observed around steel type defects 
indicates that the action of the rolls in 
breaking and removing the scale on the 


_ surface will also remove the evidence of 
penetrated oxide unless it has occurred 


within an already existing flaw. 

On the basis of the above observation 
it is conceivable in the case of rolled prod- 
ucts of silicon steel, that if a mechanical 
defect were to occur early in the rolling 
process, such as in the initial passes of 
primary rolling, surface sub-scale might 
become entrapped and upon examination 
the flaw might have the aspects of a steel 
type defect. Judgment of origin would then 
be more a matter of degree of oxide 
penetration. 

In studying the micrographs, attention is 
directed to the occurrence of metal de- 
carburization adjacent to both types of 
defects. Generally the decarburization is 


less in the cases of mechanical type defects 


because of lower temperature and shorter 
time at temperature during rolling than 
during heating. Since, however, degree of 
decarburization is itself a function of 
temperature and is variable for the different 
grades of steel, it will be a less reliable guide 
to a determination of defect origin than will 
the occurrence of oxide penetration. 
Although variations in operating condi- 
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tions such as time, temperature, furnace 
atmosphere, and amount of reduction in 
rolling must necessarily influence the degree 
of oxide penetration, it has not been the 
purpose here to explore these effects fully 
but rather to present a relatively simple 
method that may be applied as an aid 
in determining the origin of surface 
defects 


SUMMARY 


A method for determining the origin of 
surface defects in rolled steel products is 
described and illustrated. Defects which 
existed in the ingot prior to rolling are 
characterized by the penetration of oxide 
surrounding the flaw. These are classed 
as steel type defects. Defects which were 
formed in either the primary or secondary 
rolling operations do not show any appreci- 
able penetration of oxide adjacent to the 
flaw. These are classed as mechanical type 
defects. 

The method was applied to ten grades 
of steel and representative illustrations are 
presented to show diffusion of oxide from 
scale-packed holes in billet samples, from 
the two kinds of defects as produced 
artificially in the laboratory, and from 
actual defects as observed on samples of 
rolled billet product. The method was 
found applicable to all but one of the 
grades, the 18-8 grade of stainless steel. 
Certain limitations of the method are 


considered with respect to rerolled products 


and to silicon steels. 
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DISCUSSION 


(C. Wells and M. Gensamer presiding) 


C. E. Srms*—It seems to me that the method 
described is an excellent one to determine the 
period in operation during which surface defects 
are produced. This is, of course, a necessary 
preliminary step to prevention. 


N. C. Fricx*—The authors are to be con- 
gratulated for the practical approach to the 
problem of determining the origin of surface 
defects in semifinished steel. Almost invariably 
when a complaint is registered on steel quality, 
the open hearth places the blame on the rolling 
mill and the rolling mill in turn points an 
accusing finger at the open hearth. This paper 
should help settle this question of origin which 
comes up so often during the making, shaping, 
and treating of steel. 

The shapes of the nonmetallic particles, par- 
ticularly in the C-1015, A-9260, and 12 Cr 
steels, are particularly interesting in the light 
of the AIME Institute of Metals Lecture on 
grains, phases, and interfaces by Dr. Cyril 
Stanley Smith. Many of the specimens have 
not been etched. I would like to ask the authors 
to elaborate on their observations on the rela- 
tion between the depth of oxide penetration 
and the depth of the decarburized zone. 


C. L. Meyette (authors’ reply)—In reply 
to Mr. Flick, the oxide penetration asso- 
ciated with the steel type defects was always 
accompanied by an area of decarburization. 
The decarburized zone in all the cases studied 
extended to a greater depth than the oxide 
penetration, although this difference in depth 
was not consistent and was found to vary even 
in defects observed on the same grade of steel 
and section. 


F. G. Norris}—The authors have chosen 
a topic of considerable interest to those 
who are responsible for the control of quality 
in the manufacture of iron and steel products. 
The test which is proposed has the same rela- 
tion to the improvement of quality that a post 
mortem examination has to the accurate diag- 
nosis and cure of future patients. 


* Battelle Memorial Institute. 
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Burning is a term that needs to be defined 
objectively. The definition needs to be ex- 
plained to everybody and kept constantly in 
mind. Burning is frequently confused with 
overheating or general poor practice in some 
heating operation. Sometimes the simple 
statement of fact that steel has been burnt is 
regarded as an insult to the heater’s knowledge, 
ability, skill, devotion to duty, and personal 
character. Such a display of emotion does not 
smooth the road to progress. 

Under such pressure there is a tendency for 
burnt steel to go under cover and to reappear 
using an assumed name. 

The tests proposed in this paper provide a 
means of describing exactly what is meant by 
burnt steel and other defects and also offer a 
standard for the classification of various condi- 
tions that are encountered. 

All of our product is rolled from ingot to a 
slab 4 or 5 in. thick and then (usually without 
cooling) to strip on the order of one-tenth of an 
inch thick. The problem of sampling is more 
difficult than in the case of 4 X 4 billets. We 
usually sample the slab by burning off a chunk 
(it seems that it is always too heavy) and then 
resorting to the hacksaw. We would welcome 
any suggestions to improve this practice in 
either the hot or cold slabs or in the bar. 


N. Trner*—The paper is an excellent con- 
tribution to the quality control in rolled steel 
products. 

The presence of numerous oxide particles 
within the metallic matrix surrounding a defect 
which existed in the ingot before heating for 
rolling, and their absence within the metallic 
matrix surrounding a defect which formed 
during rolling were also observed by the writer 
in a number of instances in rail and structural 
steel products. 

The above phenomena offer a relatively 
simple guide to determine whether a surface 
defect existed in the ingot prior to heating or 
formed during rolling. In certain cases, how- 
ever, additional information may be required. 
We may, for example, have to know whether 
the flaw has resulted from blowholes or from 
ingot cracks or, in the case of mechanical flaws 
from breaks, guide marks, or laps. 

If the blowholes produced by evolved gas 
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failing to escape during the solidification of the 
metal are near the ingot surface, they may be 
broken apart during rolling and form closed but 
not welded surface cracks. Unless the interface 
of the cavities contains a thick oxide film, the 
metallic matrix surrounding these cracks con- 
tains little or no oxide particles. According to 
the subscale formation method proposed by the 
authors, they should be classified as mechanical 
type defects. 

In general, phosphorus and some sulphur are 
segregated near blowholes. If Stead’s or Ober- 
hoffer’s reagent shows phosphorus segregation 
near a flaw under the microscope, one may 
infer that this flaw is due to a blowhole. 

The metal decarburization is normally con- 
fined to a very thin layer on the surface of 
rolled products, and is characterized by the 
formation of a zone of free ferrite grains. If a 
flaw has resulted from overlapping during 
rolling, nearly always a uniform zone of free 
ferrite grains is observed around it. If the flaw 
has resulted from breaks, guide marks, or from 
the rupture of the blowholes near the surface 
during rolling, the free ferrite zone is not ob- 
served in the metallic matrix adjacent to the 
defect particularly at the bottom. 

Tf a flaw has resulted from ingot cracks, a 
zone of free ferrite grains may be observed in 
the metallic matrix adjacent to the flaw. In 
such cases, numerous oxide particles are also 
present in the ferrite zone. 

It is hoped that the foregoing remarks may be 
useful for determining the origin of surface 
defects in rolled steel products in connection 
with the subscale formation method proposed 
by the authors. 


E. A. Lorra*—A method of determining the 
origin of surface defects in rolled steel products 
by the degree of oxide diffusion is a truly sig- 
nificant contribution. In a paper to be pub- 
lished shortly,? the writer has also observed 
internal oxidation in cracks which occurred at 
or near the ingot surface in several large steel 
forging ingots made by the acid open hearth 
practice. These defects, classified by the authors 
as “steel type defects,” are evident in trans- 


* Mellon Institute of Industrial Research. 

3B. A. Loria and H. D. Shephard: Some 
Factors Affecting Subsurface Defects in Large 
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verse macroetch tests as fine subsurface cracks 
and fully developed cracks which extend to the 
surface. Oxidized layers at both edges and the 
dispersion of fine particles beneath are seen 
microscopically in the latter type, the crack 
being rimmed by a decarburized layer (ferrite) 
containing the dot-like inclusions of oxide. In 
addition, the concentration of other fine pre- 
cipitate particles—nonmetallic inclusions and 
carbides—partly oriented in streaks in the 
vicinity of such cracks is observed. Usually the 
cracks are not uncovered in the early processing 
of an ingot since they actually originate below 
the ingot surface and are detected only during 
forging, resulting in the formation of an oxide 
layer at the surface of the crack and some 
internal oxidation and decarburization. 

In consideration of surface defects in rolled 
steel products, emphasis should be placed on 
hair seams which are the most common type of 
defect in semifinished steel. These fine cracks 
extend over a piece in the longitudinal direction 
and possess different lengths. Actually, one may 
distinguish between two types of seams: those 
originating at the steel plant which are the 
result of elongation and laying open of sub- 
cutaneous blowholes and slag inclusions during 
the rolling of the ingot and those produced by 
faulty practices at the rolling mill. When viewed 
under the microscope, both types present 
themselves as cracks which are filled with scale. 
As a rule, the “steel type” hair seams are 
rimmed by ferrite that contains dot-like oxide 
inclusions. Sometimes the blowholes are not 
uncovered in the process of heating the ingot 
if they are seated so deeply that the overlying 
metal layer has not been burned away. Tn this 
case, they are uncovered only in rolling and 
then undergo very slight oxidation and, hence, 
the resulting hair seams are but slightly 
decarburized. 

Since the segregation of sulphur and phos- 
phorus are usually observed in blowholes, the 
use of Oberhoffer’s reagent permits a rather 
accurate determination of the particular type 
to which the hair seam belongs. Zones rich in 
phosphorus are not attacked by Oberhoffer’s 
reagent and hence remain bright. On the other 
hand, zones free from segregates can be etched, 
the ferrite assuming a dark brown color and the 
pearlite a light gray color. In his study of this 
problem, Oberhoffer stated that “after teeming 
the steel, as the temperature drops, the volume 
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of gas occluded in a blowhole decreases at a 
much faster rate than the volume of the blow- 
hole itself. From this it is not difficult to 
understand that sulphur and phosphorus-rich 
metal is drawn into the voids.” Thus sulphur 
and phosphorus segregates in hair seams or 
adjoining zones will indicate that the cracks are 
“steel type defects.” Sulphur printing has fully 
confirmed this contention. Therefore, in addi- 
tion to the degree of oxide penetration sur- 
rounding a defect, it appears that the relative 
depth of the decarburized layer adjoining a 
defect may also provide some indication of its 
origin, while the use of an etchant which will 
detect the presence of sulphur and phosphorus 
in areas adjacent to a defect will prove that 
such a defect occurred in the ingot before 
heating and rolling 

Additional evidence can be found which will 
more or less determine the origin of surface 
defects in semifinished steel. For example, hair 
seams produced at the rolling mill are found to 
be distributed according to definite relation 
ships along the length of billets. They occur on 
two, and sometimes on four, opposite sides of a 
billet and often differ from ‘‘steel type” hair 
seams by their greater length. Basically this 
type of defect is the result of roughness of the 
surface during the processing of the billet. On 
the other hand, lap seams, which are long 
cracks usually located over the entire length of 
a billet and originate from faulty rolling mill 
practice, do not differ from “mechanical type” 
hair seams in their outward appearance. Not- 
withstanding, on macroetching a transverse 
section of a test piece with lap seams, a char- 
acteristic fibrous structure may be observed if 
it is etched with Oberhoffer’s reagent The 
fibers are curved markedly around the seam 
toward the interior of the bar and run around 
the seam in the form of an arc. This fiber direc- 
tion proves that such cracks are not “steel type 
defects” but the result of roughness produced 
in rolling. Microscopic examination of lap 
seams shows that the cracks are filled with 
scale; the rim of the cracks and also the surface 
of the bar are decarburized. In some cases 
there is merely a gradual transition from the 
weakly decarburized structure at the rim of the 
cracks to the normal structure which, no doubt, 
is attributable to the way the ingots and the bil- 
lets were heated. 
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Finally, in the rolling of ingots and billets 
which have been insufficiently or unevenly 
soaked, high stresses are created which result in 
cracks preferentially located in areas of maxi- 
mum weakness—such as inclusion segregates 
and zones rich in sulphur and phosphorus.* 
Acting as areas for stress concentration, such 
segregates lower the rupture stress of the steel 
and the magnitude of the lowering depends on 
the size and shape of the included particles. A 
high percentage of hair seams and cracks which 
are encountered after rolling is the result of 
rolled-out nonmetallic inclusions, and evidence 
of the origin of the defect can be found upon 
ordinary microexamination of the affected 
areas. Also, sulphur prints of transverse sections 
of forging ingots may reveal the segregation of 
inclusion stringers within the outer (chill) zone 
of forging ingots interspersed among an other- 
wise even distribution of minute sulphides. In 
general, it has been observed that where such 
stringer inclusions occur within a zone of rela- 
tively minute inclusions internal tears are most 
likely to occur on processing the ingot. The 
difference in conformation of the sulphides in 
the ingot subsurface is believed responsible for 
this “steel type defect” because the sulphide 
stringers are incapable of dispersion or diffusion 
within the otherwise minute, even distribution 
of globular sulphides and therefore act as points 
for stress concentration during hot working. 


V. E. Exttorr (authors’ reply)—Messrs. 
Loria’s and Tiner’s comments on the use of 
Oberhoffer’s reagent for studying the segrega- 
tion and flow lines adjacent to surface defects 
are interesting and in most cases substantiate 
the oxide penetration method. Blowholes 
opening up during rolling which had not been 
affected by the heating operation have not been 
observed by the authors, although under cer- 
tain conditions of heating and working, such a 
possibility could occur. In this connection it 
would be well to reiterate that a deep acid etch 
test for internal quality usually accompanies 
the microscopic examination. 

Oberhoffer’s reagent has been used in an 
attempt to differentiate between the two possi- 
ble sources of steel type defects on secondary 
mill products. However, possibly as a result of 
the large amount of reduction involved, the 
results have not been conclusive. 
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INTRODUCTION 


A wibE variety of metallurgical defects 
in steel have commonly been attributed to 
the presence of excessive amounts of 
hydrogen. These defects include flakes in 
rails and forgings, cracks in welds, and 
blisters in enameled ware. They have been 
related to hydrogen largely by circum- 
stantial evidence because the proper 
sampling and analysis of steel for hydrogen 
has been known to be difficult and be- 


cause no general agreement has existed - 


with regard to the relative suitability and 
accuracy of available methods. The need 
for a direct approach to these problems has 
been widely recognized. 

This general situation has been well 
described in the publications of the British 
Committee on the Heterogeneity of Steel 
Ingots,! and current approaches to the 
problem were reviewed in a recent sympo- 
sium of the AIME.” The plans described 
by the present authors at that meeting 
have now matured satisfactorily and will 
form the basis of this paper. 

The principal object of this paper will be 
to describe the methods of sampling and 
analysis which have been developed and to 
illustrate the usefulness and limitations of 
these methods by citing their application to 


a specific problem. The first problem 


selected for investigation was the behavior 
of hydrogen in rail steel. This was chosen 


Manuscript received at the office of the 
Institute December 31, 1947. Issued as TP 2362 
in METALS TECHNOLOGY, June 1948. 

* Metals Research Laboratory, Carnegie In- 
stitute of Technology. 

+ Research and Development 
Carnegie-Illinois Steel Corporation. 

1 References are at the end of the paper. 
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because the occurrence of shatter cracks in 
rails has received a great deal of study over 
a long period of time. The defect can be 
controlled by the expensive procedure of 
slow cooling. However, it may be hoped 
that a better understanding of the factors 
influencing the hydrogen content of rails 
will lead to a more efficient control of this 
problem. Rails provide a good starting 
point for a more general study of hydrogen 
in steel because they provide a cross-section 
large enough to develop cracks, yet small 
enough for convenient handling and samp- 
ling. Rails were also selected because they 
are made from plain carbon steel and it was 
felt that the initial work should not be 
complicated by the effects introduced by 
alloying elements. 

The considerations which determined the 
original planning of this study should 
be reviewed. The inherently complex 
nature of most hydrogen problems requires 
that a large amount of data must be col- 
lected for any particular case. This in turn 
means that any analytical procedure should. 
be as rapid and simple as possible. The 
same objective of speed is indicated by the 
fact that it may finally become desirable 
to use hydrogen analysis in process control. 
It is also known that hydrogen is highly 
fugitive and that any procedure which facil- 
itates early analysis of the sample without 
prolonged or irregular storage has dis- 
tinct advantages. 

The most important previously reported 
methods of analysis may be classified into 
three general groups: (1) Vacuum fusion, 
(2) Vacuum extraction (without melting), 
(3) Total combustion. 
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In selecting our procedure many 
considerations were weighed. The total com- 
bustion method was already under inten- 
sive development? and offered little promise 
of meeting the requirements for speed and 
simplicity, even though it might provide 
a reference method of high precision. Many 
variations of vacuum extraction of hydro- 
gen by heating without melting have been 
described!)!2;4 and some of them have 
given usefully accurate results. Here again 
the combined objectives of speed and 
simplicity are difficult to attain and it 
would not appear likely that a sample with 
a one half inch cross-section could be 
analyzed in anything less than several 
hours. These systems range all the way 
from the extremely simple Toricellian 
vacuum® to elaborate automatic equip- 
ment.* 

Vacuum fusion was selected as the gen- 
eral method best suited to our purposes. 
Experience with oxygen analysis had 
demonstrated that the fusion method is 
capable of useful simplification under 
favorable circumstances® and it seemed to 
be the only method capable of yielding a 
satisfactory analysis in less than an hour’s 
time. It was recognized that many real or 
theoretical objections could be raised against 
the conventional vacuum fusion analysis 
for hydrogen. The most important of these 
are that the blanks are so high and erratic 
as to lower the accuracy beyond a useful 
limit; that the sample will lose its signifi- 
cance on account of hydrogen losses during 
the necessary outgassing and _ baking 
periods; that removal of the hydrogen 
may not be complete; that the hydrogen 
may react with the refractories or distilled 
metal films in the system; and that the 
hydrogen is only a few per cent of the total 
gas collected, but the pumps, calibrated 


reservoirs and manometers are normally 


designed for the oxygen (analyzed as 
CO;) which constitutes about 95 pct of the 
gas volume; all of these factors would 


contribute to inaccurate results. Never- 
theless it was felt that the method held 
sufficient promise so that it should not be 
abandoned without careful investigation 
of the validity of these objections and the 
possibilities for overcoming them or mini- 
mizing their importance. These features 
will be pointed out throughout this paper. 

Evidence has already been presented 
that hydrogen absorption by reaction with 
the various refractory oxide or graphite 
parts of the apparatus, or metal films on 
these parts is inconsequential.? This is 
confirmed by the internal consistency of the 
data to be presented. 

In developing the program it was felt 
that methods of sampling could not be 
studied intensively until a suitable analyti- 
cal procedure became available. However 
it is equally difficult to prove a procedure 
without known samples, and objections 
could be raised to any type of prepared 
sample considered. Although not entirely 
satisfactory, this situation was met in the 
beginning by analyzing known mixtures of 
gases in amounts and compositions com- 
parable to those expected from steels. 
When it became possible to obtain satis- 
factory results on these gas mixtures, steel 
samples were used. These samples were 
made as nearly alike as possible by giving 
careful attention to the geometry of the 
section and to all the details of preparation 
and storage. A statistical analysis of a large 
number of such identical samples gives a 
good measure of the precision of the 
method. This accumulated background of 
information gradually developed an under- 
standing of the variables involved in the 
proper preparation, storage and analysis of 
solid steel samples and it was finally possi- 
ble to develop a satisfactory method for 
sampling open-hearth baths which will be 
described in a later paper. The important 
features of these procedures will now be 
described and supporting data will be 
presented. 
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APPARATUS AND TECHNIQUE FOR 
HyDROGEN ANALYSIS 


The apparatus comprises two essential 
sections, an extraction system and an ana- 
lytical system, as shown in Fig 1 and 2. The 
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begins to form on the mercury it can be 
removed readily by passing the mercury 
through a suction filter of the fritted-glass 
type. Just above the mercury level there is 
a water-cooled copper block surrounding 
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entire vacuum system is made of Pyrex 
glass and fused silica. An important ad- 
junct to the apparatus, the hydrogen 
sample tubes, will be described in a sepa- 
rate section. The system will be outlined 
with reference to Fig 1, starting from the 
mercury lift. This mercury lift rises to 
barometric height when the system is 
evacuated and permits the introduction of 
a magnetic specimen at any time without 
breaking the vacuum. More important, it 
makes it possible to start analyzing the 
specimen immediately after it has been 
introduced into the apparatus. The impor- 
tance of this lies in its relation to the hydro- 
gen lost from samples stored in a vacuum, 
which occurs in a conventional vacuum 
fusion apparatus during crucible degassing. 
The rate of loss of hydrogen from a sample 
stored in vacuum is shown in Fig 4. An 
important consideration in connection with 
the mercury lift is that of keeping the 
mercury clean. For this reason the speci- 
mens are inserted into the mercury with 
clean tongs and the mercury well is kept 
covered at other times. When a film 


the tube. This cooling block condenses 
mercury vapor at a point where it will drain 
back into the lift. The cooling block is split 
and hinged so that one of the halves may 
be swung open to permit magnetic manip- 
ulation of the specimens up the tube. 
Just above this point are two glass semi- 
circular baffles which serve to deflect 
splashing mercury. If even a small drop of 
mercury falls into the hot fusion chamber, 
it generates a large volume of vapor with 
almost explosive violence. The ground joint 
cap at the top of the lift permits introduc- 
ing non-magnetic samples into the system. 
This assembly is connected to the glass 
furnace head. 

At the upper end of the furnace head is 
an optical window through which the 
temperature of the crucible is observed by 
means of an optical pyrometer. It was 
found that a 35°C correction for the mirror 
and window must be added to the observed 
temperature to obtain the true temperature 
of the crucible. The shutter of the baffle 
which is located below the window is Op- 


’ erated externally by means of a magnet. 
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The shutter is closed, except during a tem- 
perature observation, to eliminate con- 
densation of vapors on the window. The 
Pirani type vacuum gauge connected into 


the furnace head is used for detecting leaks 
in the extraction system. The lower end of 
the furnace head terminates in a ground 
joint into which the silica tube containing 
the crucible assembly is sealed with Picein 
wax. A special clamp holds the silica tube 
in place until the freshly waxed joint cools. 
The silica tube and the waxed connection 
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are water cooled. Cooling of the waxed 
joint prevents leaks at the joint caused by 
softening of the wax and also keeps the 
vapor pressure of the wax at a negligible 


value. A glass funnel in the upper part of 
the tube directs the specimens into the 
graphite funnel of the crucible. A 6 KVA 
generator of about 50,000 cycles frequency 
energizes the induction coil. 

A detailed sketch of the silica tube and 
crucible assembly is shown in Fig 3. Mag- 
nesia sand supports the alundum base and 
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also provides sufficient freedom of move- 
ment to the base so that the crucible 
assembly can be adjusted with respect to 
the tube axis by tapping the side of the 
silica tube near the bottom. The crucible, 
ring cover, crucible funnel and shield are 
turned from graphite rods. The latter 
two items are slotted to reduce heating. 
Small legs, not shown in sketch, on 
the base of the shield are beneficial 
in reducing the blank. In this connec- 
tion the ring is also of help as it prevents 
graphite powder from blowing out of the 
shield. The graphite powder is obtained 
from turnings passed through a 40-mesh and 
caught on an 80-mesh screen. Generally the 
graphite shield, funnel, ring and powder are 
used more than once. Any particles of iron 
adhering to the shield and funnel are 
removed by soaking in hydrochloric acid. 
The powder is freed of iron particles by 
combing with a magnet. 

Degassing of the crucible to a very low 
blank requires from 4 to 6 hr at 2050°C. 
This is about,as high a temperature as can 
generally be obtained in this furnace with 
the 6 KVA generator. If additional power 
is available, higher temperatures reduce 
the degassing time without any significant 
improvement in the blank. 

The 2-stage mercury diffusion pump con- 
nected to the furnace head through stop- 
cock S2 serves to evacuate the furnace and 
also serves as the gas circulating pump in 
the analytical system. This pump, when 
operating at the maximum pumping speed, 
will pump against a fore-pressure of about 
4 mm of mercury. Increasing the heater 
input will permit the pump to work against 
about 6 mm of mercury with a sacrifice of 
some pumping speed. The pump heater 
input is indicated on a voltmeter across the 
heater and is controlled by a variable auto- 
transformer. A high speed fore-pump is 
used. 

- The parts of the apparatus considered 
up to this point comprise the extraction 


system. 
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The analytical system will be considered 
next. By way of introduction it may be 
stated that the hydrogen extracted from a 
sample is oxidized by copper oxide to water 
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vapor and determined by measuring the 
water vapor pressure in a calibrated 
volume. The copper oxide tube is heated 
in a split type combustion tube furnace, 
the temperature of which is maintained at 
325°C by a controller operating from a 
chromel-alumel thermocouple inserted into 
the furnace. A special fuse, sealed in an 
evacuated glass tube with external leads, is 
located in the furnace with the copper 
oxide tube to protect the tube against 
failure of the temperature controlling 
equipment. This zinc fuse is connected in 
series with one side of the furnace power 
line. The copper oxide is prepared in the 
tube by oxidizing and reducing pure copper 
gauze that has been cleaned in nitric acid. 
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The hydrogen and oxygen gases used to 
prepare the copper oxide are passed 
through stopcocks S3 and S5 in Fig 1 by 
replacing the glass plugs with brass plugs 
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temperature changes the lower part of the 
manometer is immersed in water to prevent 
sudden changes in temperature. A vibrator 
is attached to the manometer to assure 
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which permit a hose connection to be made 
to the tanks of gas. This makes it possible 
to confine the gases to the copper oxide 
tube and avoids passing large amounts of 
water vapor through the rest of the system. 
The oxidation-reduction cycle is repeated 
three or four times using commercial tank 
oxygen and hydrogen, finishing with an 
oxidation. Oxidizing and reducing tem- 
peratures are 325 and 225°C respectively. 
It is necessary to repeat the oxidation- 
reduction process occasionally to keep the 
copper oxide active. 

The volume included between the mer- 
cury in the manometer and the freezing 
trap when Ss, S6, S7 are closed is cali- 
brated. Water vapor pressure within this 
volume is indicated on the manometer. 

The manometer is a combination oil 
(Amoil-S) and mercury manometer so con- 
structed that it has the sensitivity of an oil 
manometer (approximately ro times that 
of a mercury manometer) without the dis- 
advantages. The scale of the manometer is 
readily moved to a zero position by a rack 
and pinion. It is necessary to protect the 
oil by mercury because water vapor is 
soluble in the oil. With this design, pressure 
measurements are made with the water 
vapor in contact with only the mercury. 
Because the manometer is sensitive to 


hydrostatic equilibrium at the: moment a 
reading is made. 

A phosphorus pentoxide drying tube and 
a liquid nitrogen trap are placed in series 
with the fore-pump. The dehydrant keeps 
water out of the fore-pump, from whence 
it could get back into the system when the 
liquid nitrogen trap is not cooled. The 
dehydrant is held in a glass boat which is 
replaced through the ground glass cap. 
The liquid nitrogen trap keeps hydrocar- 
bons originating in the fore-pump oil out 
of the system. 

Stopcocks S13 and S14 provide a means 
for admitting a hydrogen check sample 
which is contained in the small volume 
between them. This sample is used to 
determine the efficiency of the copper 
oxide. Stopcock S13 has a hollow plug with 
a diagonal bore which is connected to a 
commercial tank of hydrogen. A quarter 
turn of the plug connects it with the small 
volume and S14 which discharges into the 
atmosphere. 

Fig 1 also shows the ground joint con- 
nection by means of which the special 
hydrogen sample storage tubes are attached 
to the apparatus for evacuation. A helical 
liquid nitrogen trap is inserted in the 
vacuum line between the storage tube con- 
nection and the system. 
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Procedure 


The procedure for determining hydrogen 
in steel may be conveniently described 
under the following operations: (1) sample 
preparation; (2) measurement of blanks; 
(3) determination of efficiency of the cop- 
per oxide; (4) extraction of the hydrogen 
from the metal; (5) measurement of the 
quantity of hydrogen extracted. Experi- 
mental evidence will be presented in a later 
section to substantiate the validity of this 
procedure. 

Sample Preparation—3<-in. cubes of 
metal are cut from the massive piece by 
means of a metal band saw provided with 
an oil emulsion coolant. The coolant is 
removed from the freshly cut specimens 
with acetone before lightly filing the sur- 
faces. After filing, the specimens are washed 
in reagent benzene followed by two wash- 
ings in reagent acetone. This is followed by 
drying in a current of warm air and weigh- 
ing. If the specimens are not introduced 
into the apparatus immediately, they are 
held in a phosphorus pentoxide desiccator 
for periods not exceeding 3 hr. The loss of 
hydrogen during this storage interval is 
accounted for by a method which will be 
described in a later section. In the event 
protracted storage is necessary the speci- 
mens are held in the storage tubes to be 
described. 

Measurement of Blanks—Since the pro- 
cedure has been developed specifically for 
nydrogen analysis, this is the only gas 
included in the blank measurement. The 
blank comes from two principal sources. 
These will be referred to as the “furnace 
blank,” which includes all gases originating 
from the vacuum extraction part of the 


system, and the ‘‘copper oxide blank,” 


which includes all gases originating in the 
analytical part of the system. The blanks 
from these two sources may be measured 
independently and adjusted for time to 
give a “total blank” for any particular 


analysis. In general, predetermined time 
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intervals are used for all analyses. These 
blanks are measured by a sequence of 
operations using half the time intervals 
required for a regular metal analysis. The 
total blank is measured first by collecting 
furnace gases for 15 min. while operating . 
at 1500°C, and analyzing with a to-min. 
period for circulation over the copper oxide. 
The 1o-min. copper oxide blank is measured 
as above, except that the 15-min. collection 
of furnace gases is omitted by closing S2. 
The difference between the total blank and 
the copper oxide blank is the furnace blank. 
These blanks are determined each day and 
the analyses appropriately corrected. 
Copper Oxide Efficiency—The efficiency 
of the copper oxide in converting hydrogen 
to water is determined each day as follows. 
Hydrogen is rapidly flushed through S713 
and S14 for several minutes. S14 is then 
closed and $13 given a quarter turn to 
remove the hydrogen through S17 and the 
fore-pump. The small volume is then filled 
and emptied three times without flushing, 
following which it is again filled and the 
hydrogen pumped into the analytical sys- 
tem through S72, at which time the 
apparatus is adjusted as it would be for 
collecting furnace gases except that S2 is 
closed. After pumping for one minute S6 
and S12 are closed and the left arm of $3 
is opened to the fore-pump. The fore-pump 
removes from the system all of the hydro- 
gen except that portion held in the cali- 
brated volume. The pressure in this volume 
is measured on the manometer. Five 
minutes pumping clears the rest of the 
system of all the excess hydrogen, after 
which the analysis of the measured portion 
is carried out. The ratio of the original 
hydrogen gas pressure to the water vapor 
pressure gives an efficiency factor by which 
all subsequent analyses are multiplied. 
Extraction of Hydrogen—After the above 
operations, the prepared steel sample is 
introduced into the lower end of the 
mercury lift from whence it floats to the 
top of the mercury. A magnet is used to 
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move the sample through the copper cool- 
ing block and the glass baffles into the 
horizontal part of the sample arm. At 
the time the sample is introduced into the 
sample arm, S2, S3 (left), Ss, $7 and S& 
_ are open to permit pumping of the whole 
system. All other stopcocks are closed. 
After two minutes Ss and S7 are closed, 
S6 and S3 (right) opened, and the appa- 
ratus is now ready to collect furnace gases. 
The sample is then dropped into the cruci- 
ble where it is degassed at a temperature of 
1500°C for 30 min., after which S2 is closed 
and the extraction phase is completed. 
Measurement of Hydrogen: The furnace 
gases are next circulated for 20 min. 
through the copper oxide and the calibrated 
freezing volume, about which a dry-ice 
acetone mixture has been placed. This 
freezing mixture should be between —85 
and —go°C. This temperature may be 
attained with the dry-ice acetone mixture, 
which is ordinarily about —78°C, by sub- 
jecting it to the reduced pressure of a water 
aspirator for 5 or ro min. For circulation, 
S3 and S6 are closed in that order, and S7, 
Ss5 and S4 opened in that order. During 
this circulation the hydrogen is converted 
to water vapor and collected in the cali- 
brated freezing volume. When this is com- 
pleted, S5 is closed and S2 and S3 (left) 
are opened. The analytical system is thus 
pumped free of nitrogen and carbon dioxide 
for 2 min., after which S7 is closed. The 
manometer scale is adjusted to zero and 
the calibrated freezing volume thawed by 
surrounding it with a container of water 
at room temperature. The water vapor 
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volume calibration factor for the particular 
room temperature. 
A sample data sheet and calculation 


follow: 


Operation 


Hydrogen Blanks 


a 


Furnace blank collected (15 


iit he 2) PASE ars aes i 9:00-9:15 
Furnace blank analyzed (10 
min. circulation over CuO)} 9:15-9:28 
Total blank = Furnace 
blank (15 min.) + CuO 
blank (10 min.)........-- 728 0.02 
Analytical system evacuated | 9:28-9:33 
CuO blank analyzed (Col- 
lected for 10 min.)......-. 9:33-9:46 
CuO blank for 10 min...... 9:46 0.01 
Furnace blank for 15 min. 
(Total blank — CuO 
blank). .50 ccna aati te 0.01 
Analytical system evacu- 
ABLE <<, case debeeisinens seners ee 9:46-9:51 
ES ee 
Copper Oxide Efficiency 
eee ee ye ee 
Hydrogen check sample in-’ 
*tTOUUCEG sic ck < Viele wlow eras 9:51-9:56 0.54 
Hydrogen check sample 
analyzed (20 min. circula- 
tion over CuO).........- 9:56-10:19 
Hydrogen recovered + CuO 
ATES. ficc a beens celelmere tet 10:19 0.52 
CuO blank for 20 min....... 0.02 
Hydrogen recovered........ 0.50 
Analytical system and fur- 
nace evacuated.......... 10:19-10:29 
CuO efficiency factor = 54§0 : 
Analysis of Steel Sample 
Collection of gas from 
SAINPlC ec cue ces Le Vase es I10:29-10:59 
Gas analyzed...........--- 10:59Q-I1:22 
Hydrogen from sample and 
blanks as water vapor....| 11:22 2.08 


Calculation of H in Specimen 
Wt specimen = 9.800 g 
: Room temp = 20°C 
Calibration factor for 20°C = 0.000780 g pct 


= 2.08 — [0.02 + 0.02] = 2.04 


pressure is read on the manometer. Then 
S4 is closed, S5 and S7 are opened to per- 
mit pumping the whole system in prepara- 
tion for the next sample. The hydrogen 
content of the sample is calculated from 
the water vapor pressure reading, weight 
of sample, catalyst efficiency and the 


cm 
Manometer\ _ ( 20 min. ) ™ ( 30 min. )] 
reading ) [ CuO blank Furnace blank 
(2.04) (5) ‘(0.000780) 
Pct Hydrogen = MTS eee = 0.000175 
Evaluation of Method 


An appraisal of the accuracy and preci- 
sion of hydrogen values determined by this 
method may be made by evaluating the 
major stages of operation. These stages 
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may be.considered as: (1) specimen prepa- 
ration—this includes obtaining a repre- 
sentative specimen from the solid sample; 
(2) hydrogen extraction by vacuum fusion; 
(3) hydrogen analysis of the extracted 
gases. Experimental data will be presented 
for this purpose. In addition some inde- 
pendent evidence on accuracy and precision 
will be given. 

Analysis—Even though the extraction 
stage precedes the analytical stage, it was 
necessary to evaluate the latter before it 


was possible to evaluate the extraction 


stage. The performance of the analytical 
system was determined by a series of 
analyses made on measured quantities of 
hydrogen and on mixtures of hydrogen and 
carbon monoxide (5 pct H and g5 pct CO 
by volume) as described in an earlier 
report.? In this additional work, the carbon 
monoxide was generated from formic and 
phosphoric acids and purified by passing 
through sulphuric acid, soda-lime and a 


Taste 1—Analyses of Measured Quantities 
of Gases 


———————————————— 0 


Nowanall Hydrogen Recovered 
Compo. Hydrogen as Water Vapor 
sition o - 

Run Gas, mitted, Pet of 
Volume Pet Millimols Millimols Hycvoves 
evo een Admitted 

I 100 0.0138 0.0126 92 
2 190 0.0114 0.0112 98 
3 100 0.00996 | 0.00956 96 
4 100 0.00884 | 0.00888 100 
5 Il 0.0095 0.0092 07 
6 I2 0.0122 0.0121 99 
7 5 0.0060 0.0060 100 
8 5 0.0065 0.0065 100 

av. 98 


* Balance of gas mixture is CO. 


liquid nitrogen trap. The carbon monoxide 
contained an average of 0.64 pct hydrogen 
by volume as impurity. The analyses were 
suitably corrected for the hydrogen im- 
purity in the carbon monoxide. The gases 
were measured and mixed in the collecting 
volume of the apparatus and then analyzed. 
Some typical results of the analyses are 
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given in Table 1. The recovery in all in- 
stances is very satisfactory. 

From a practical standpoint, it would 
require a longer period of circulation than 
is desirable to attain roo pet recovery at 
all times, so that a circulation period of 
sufficient duration to obtain about 90 pct 
recovery is used, with the correction to 
roo pet recovery being made by determin- 
ing the efficiency of the hydrogen conver- 
sion to water. Thus the accuracy of the 
analysis is increased by the correction for 
the copper oxide efficiency as determined 
for the particular period of circulation used 
during analysis. There is no significant 
variation found for the copper oxide efh- 
ciency during the operation of the appara- 
tus on any given day, so that an efficiency 
determined once each day is valid for the 
whole day. The quantity of hydrogen used 
for the regular check sample is comparable 
to the amount of hydrogen found in many 
samples of steel. The point as to whether 
the copper oxide efficiency (hydrogen 
recovery) is dependent on the quantity of 
hydrogen being used as a check sample was 
tested by using check samples of different 
volumes as shown in Table 2. 


TaBLE 2—Copper Oxide Efficiency and 
Volume of Hydrogen Check Sample 


CHEcK SAMPLE VOLUME AVERAGE RE- 


wbee) COVERY, Pct 
0.05 ml (regular)......-.-.+++++-: 93 
ORL ORC HS We ors tee aero nett saat 90 
OnE SRR a ai eae a re ie ihe ola ste me arr 93 


These results show that the copper oxide 
efficiency is independent of the amount of 


hydrogen analyzed. 


Blanks 


The subject of blanks is of sufficient 
interest and importance to be considered 
briefly. Making blank corrections is an 
accepted analytical procedure, provided 
the corrections are only a small percentage 
of the amount of the constituent for which 
the analysis is being made. A condensation 
of actual blank data is shown in Table 3. 
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Blanks are determined each day even 
though the day to day variation for a par- 
ticular furnace set up only amounts to 
about o.oco0001 pct hydrogen per 10g 
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It should be pointed out that all of the 
analyses in Table 4 for which no hydrogen 
was found for the second 30 min. extraction 
period did give the predetermined hydro- 


TaBLE 3—Digest of Furnace and Copper Oxide Hydrogen Blanks 


—————— 


Blank per Analysis, Percent 
Hydrogen per 10 g. Sample 


ia Number of 
Origin of Blank Determinations 

Maximum | Minimum| Average 
Furnace blank for empty crucibles../...........-+--- 10 0.000005 | 0.000000 | 0.000002 
Furnace blank for full crucibles........-.-.-++++++-: bas) 0.000006 | 0.000000 | 0.000002 
Furnace blank for all crucibles........00.0.0:5+++0:- 57 0.000009 | 0.000000 | 0 000002 
CopperiOxide® i275 Phi sree oomiele deren eceas ale ata 50 0.000009 | 0.000000 | 0.000001 
Total (Furnace plus Copper Oxide)..............+--- 44 0.000018 | 0.000000 | 0.000003 


* Blank from copper oxide is water. 


sample. The average total blank correction 
with this apparatus for a 1og sample is 
0.000003 pct hydrogen. The blanks are 
often only half this value and occasionally 
they are double this value. This correction 
amounts to less than 1o pct of the total 
hydrogen found in most samples and can 
be considered very satisfactory. Each of 
the maximum values shown in Table 3 
occurred only once, while zero total blanks 
are often obtained. However, it so hap- 
pened that the maximum values of 0.000009 
pet hydrogen for both the copper oxide and 
furnace occurred on the same day thus 
resulting in the comparatively large maxi- 
mum total blank (0.000018 pct) shown in 
the table. 

These data show that the presence of 
steel in the crucible has no effect on the 
hydrogen blank. 

Extraction of Hydrogen—Before the hy- 
drogen in a sample can be determined it 
must be extracted from the sample. If the 
extraction process were incomplete, the 
hydrogen value would be low even though 
the analytical stage is satisfactory. Experi- 
ence with the present method indicates 
that all the hydrogen which can be ex- 
tracted from ordinary steels is removed in 
30 min., and that no additional hydrogen is 
obtained by an additional 30 min. of 
extraction. This is shown in Table 4. 


gen blank. This indicates the blank gas was 
evolved at a constant rate under the operat- 
ing conditions. It indicates too, especially 
since the amount of blank gas is very small, 
considerable sensitivity and precision for 
the apparatus because negative values 
were never obtained. It should be under- 


TABLE 4—Quantities of Hydrogen Obtained 
by Degassing a Sample for 30 and 60 Min. 


Pct Hydrogen* Ob- 
tained at 1500°C 


Type Steel 

First Second 

30 Min. 30 Min. 

Ingot fron... 60... 6 es ences 0.000029 | 0.000000 
Tagot: iron cacao ie 0.000042 | 0.000000 
B.O.H. 0.35 pet C, Al killed.| 0.000235 | 0.000000 
B.O.H. 0.45 pet C, Al killed.| 0.000161 | 0.000002 
B.O.H. 0.45 pet C, Al killed.| 0.000173 | 0.000006 
B.O.H. 0.52 pet Cahn ete 0.000017 | 0.000000 
Ni, ©r, Mocs pert Pais ls 0.000030 | 0.000000 
Rails'0.7.4 pet Cis. wens te 8 0.000016 | 0.000000 
Rails 0.74. Ces ccecinwerevals ete 0.000056 | 0.000000 
Railsipi74 Coys seiain cae 0.000087 | 0.000008 
Rails 0:74 Cy. cess wate ele ees 0.000066 | 0.000001 
Raive'O.74) Casas semeiwsines 0.000066 | 0.000000 
Reatlaio: 7.40 Cintas ntl: 0.000021 | 0.000000 
Railsoi74 '|C. in rami 0.000035 | 0.000000 
Rimming, 0.03 pet C....... 0.000062 | 0.000000. 
BORSOMOCR hoe van oe arte eter 0.000041 | 0.000001 


* Corrected for blank (0.000002 pct). 


stood that these data do not define the 
shortest time in which all of the hydrogen 
can be extracted at this temperature. 

The complete extraction of hydrogen 
from steel in 30 min. or less is not possible 
unless the steel is actually molten. Data 
have been obtained to illustrate this point. 
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The amount of hydrogen removed without 
fusion at several degassing temperatures on 
the same sample was determined in the 
present apparatus. Degassing was con- 
tinued for 30 min. at each temperature. 
‘The lowest temperatures used are several 
hundred degrees higher than those used in 
many hot extraction methods, which re- 
sults in a more rapid diffusion of hydrogen 
through the solid metal than is the case 
in the usual hot extraction procedure. The 
data are shown in Table 5. 


TABLE 5—Effect of Temperature on Quantity 
of Hydrogen Removed from Steel in 


Vacuo in Equivalent Times (30 Min.) 
_ 


Pct Hydrogen Obtained at 
the Indicated Temperatures | ,/ otal 
Hydro- 
Type Steel |- gen 
go00°C | 1100°C | 1500°C ueee 
(solid) (solid) | (liquid) 
B.O.H. 0.52 
DCbe Cewur- 0.000016]0. 000012/0.000031/0,000059 
B.O.H. 0.52 
peti. vas 2 0. 000062/0. 000062 
Bessemer. .. .|0.000001|0. 000006)0. . 000042 
Bessemer.... 000044 
Bessemer.... 000051 
Bessemer.... 000041 


In no case was the bulk of the hydrogen 
removed in 30 min. by solid extraction, 
even at the comparatively high tempera- 
ture of rr0o°C. It is further evident that 
even one hour at temperatures in excess 
of those generally employed for solid ex- 
traction did not remove even half the 
hydrogen present. Therefore, solid extrac- 
tions could not be’ developed into a rapid 
method. 

It is interesting to note that the total 
hydrogen obtained by adding the several 
temperature fractions checks the hydrogen 
found by fusing a comparable sample in the 
apparatus at 1500°C. This is not in accord 
with results reported in the literature. 
For example, one investigator’ found that 
the sum of his hydrogen fractions was‘ con- 
siderably higher than the value found by a 
single temperature fusion. sigh 

The question has been raised as to 
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whether or not vacuum fusion of a steel 
in graphite removes all of the hydrogen. 
Direct evidence is difficult to obtain as 
there is no standard sample available which 
can be analyzed. An indirect approach was 
attempted, based on the known fact that 
gases can be removed from molten steel by 
bubbling another gas through the bath, that 
is, removal of nitrogen and hydrogen by 
rinsing with the carbon monoxide resulting 
from the carbon-iron oxide reactions in 
steelmaking.? Experiments were carried 


TABLE 6—Effect of Induced Boil during 
Vacuum Fusion on Quantity of Hydrogen 


Extracted 
Pct Hydrogen Obtained at 
1500°C 
Steel “ 
First Second Nate ee 
30 Min. | 30 Min. Boil 
Dehydrogenized in- 
got iron*......./0.000031 
Dehydrogenized in- 
got iron*......./0.000031 
Dehydrogenized in- 
got iron™....). _- -|0.00001T 
Dehydrogenized in- 
got iron*......./0.000012 
Dehydrogenized in- 
got iron*.......|0.000019 
Dehydrogenized in- 
gotiron*......- 0.000020 
1: ODE Br OnE 0.000021 
B.O.H. 0.35 Pct CT|o.000235|0. 000000 0.000035 
B.0.H. 0.45 Pct C{\o0. 000161/0. 000002 0.000021 
B.0O.H. 0.45 Pct Ct|o.000173 0.000006 0.000026 
ING Cre Monsaeare 0. 000030]0. 000000 0.000013 
av. 0.000024 


* Prepared by holding the iron in a vacuum at 
950°C for 60 hr. 

+ Al killed. 
out in sucha manner that, after extracting 
all the hydrogen possible with the usual 
procedure, each sample was again rinsed 
during a CO boil created by introducing 
ingot iron into the crucible. Gases pumped 
off during the boil were analyzed for hydro- 
gen. The hydrogen content of the ingot 
iron was determined separately. The ingot 
iron was partially dehydrogenized by hold- 
ing in vacuum for 60 hr at gso°C. These 
data are shown in Table 6. Two conclu- 
sions can be reached. After the normal] 
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3o-min. extraction period no significant 
additional hydrogen can be removed by an 
additional 30-min. treatment. Further- 
more, the induced boil, with large amounts 
of additional CO gas, produced no hydro- 
gen beyond that present in the ingot iron 
required to produce the boil. This is strong 
evidence that all of the hydrogen is re- 


HOT SAWED END 


FIRST GROUP HEATS 


SECOND GROUP HEATS SAME AS ABOVE 
WITH TWO INCH SLICES 
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A typical analysis of the grade used is: 


Element Cc Mn Pr Ss Si 


Op See 0.83 | 0.018 | 0.038 | 0.16 


The study was confined to 131-lb rails 
because the defect is most prevalent in the 


THIRD GROUP HEATS 


H-HYDROGEN TEST SAMPLE 
E-ETCH TEST SAMPLE 


Fic 5—LOocaTION OF HYDROGEN AND ETCH TEST SAMPLES IN RAIL. 


moved by the standard 30-min. vacuum 
fusion treatment. 

Further consideration will be given to 
the sampling and analytical techniques 
which have been developed and _ their 
precision and accuracy will be evaluated. 
The illustrative data which will be used 
for this purpose were obtained from a study 
of the behavior of hydrogen in rails. There- 
fore it will be necessary to digress and 
present the results of this project before 
the evaluation of procedures is completed. 


HYDROGEN IN STEEL RAILs 


The reasons for selecting rail steel as the 
most suitable material have already been 
given. The original plan was to analyze 
rails for hydrogen at stated intervals of 
time after rolling, and to correlate these 
analyses with susceptibility of the rails to 
flakes. It has been shown® that large 
amounts of hydrogen added intentionally 
may produce flakes in such steels. But 
whether or not flakes result from the 
amounts encountered in normal commer- 
cial practice, and whether or not a critical 
or threshold amount is required is not 
known. 


heavier sections. Crops from the rail rolled 
from the center portion of the ingot were 
taken at the hot saw for each heat, and test 
slices were removed from the crop as soon 
as it air cooled to room temperature. This 
cutting was done as shown in Fig 5. The 
samples marked E were sectioned through 
the head and examined for cracks on a pre- 
determined schedule and the samples 
marked Hj, Hs, H3 were analyzed for 
hydrogen on the same schedule. The first 
group of 9 heats came from Plant A 
and the H slices were 1-in. thick. The 
second group of 15 heats was sliced accord- 
ing to the same scheme except the thickness 
of the H slices was increased to 2 in. The 
third group of 7 heats came from Plant B 
and these were also cut with 2-in. H slices. 
At the designated time, specimens for 
hydrogen analysis were cut from the head 
of the H slice as 3g-in. cubes at the posi- 
tions indicated in Fig 6. By this scheme the 
four samples designated Ai, Ao, Ci, Ce 
were symmetrical and were expected to 
have the same hydrogen content, and 
samples Bi, and Bz were equivalent. The 
first hydrogen sample was always analyzed 
as soon as possible after rolling. The 
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corresponding E sample was sectioned and 
etched on the same day. The plane of the 
etched section was the same as the center 


FIRST GROUP HEATS 


TOP VIEW 


END VIEW 


at 


(2) Although it would be expected that 
the hydrogen diffusion process would con- 
tinue until all the hydrogen had left the 


SECOND AND THIRD 
GROUP HEATS 


Fic 6—LOCATION OF HYDROGEN SPECIMENS IN RAIL SLICE, 


of the cubes cut for hydrogen analyses, as 
shown in the E sample of Fig 5. 

The hydrogen analyses of the rail slices 
made at various intervals of time after 
rolling have been plotted in Fig 7 to show 


rails whatever their thickness, this is not 
the case. The hydrogen level for Plant A 
rail samples eventually reaches a constant 
value at about 0.00002 pct. For Plant B 
the constant hydrogen level is about 


-000' 
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Percent Total Hyonogen 


First GROUP HEATS 
Nines —— —— SECOND GROUP HEATS PLANT A 
THIRD GROUP HEATS 


—— — —— Rae OF INFINITE LENGTH 


Fal 


PLANT A 


PLANT B 


= CHANGE IN SCALE 


<r tse he as 316 ate S76 


IntervaL Arter Roving (Davs) 
Fic 7—CHANGE OF HYDROGEN IN RAILS WITH TIME AFTER ROLLING. 


the average variation of hydrogen with 
time for each of the three groups of heats. 
Examination shows several things: 

(1) Hydrogen diffuses through rail steel 
at room temperature rapidly enough to 
decrease the hydrogen content appreciably 
in a few days. 


0.00004 pct. It seems then that this con- 
stant level of residual hydrogen may be 
considered the zero level for diffusible 
hydrogen for this material. Independent 
work in England has led to a similar 
observation of a residual hydrogen con- 
tent.°1° The term “diffusible hydrogen” 
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is used in this paper to mean hydrogen 
which can be removed from steel, by a 
process that appears to be diffusion, in a 
practicably measurable length of time, as 
contrasted to the residual hydrogen which 
either does not diffuse from the steel at all 
or else does so at an extremely slow rate. 
The data shown in Fig 7 include a few 
samples which have been kept 540 days. 

(3) It is interesting to note that the 
difference between the average hydrogen 
values for Plant B as compared to those for 
Plant A, for comparable test samples (2-in. 
slices), is about the same as is found for the 
difference (0.00002 pct) between the 
residual hydrogen for the two plants. 

In the preceding discussion, zero time is 
considered as the time at which the rail 
reached room temperature and it is evident 
that the hydrogen content at this time is 
of special interest as the initial point of the 
curve. The shape of such curves makes 
their extrapolation inaccurate, but a 
method has been found for making such 
extrapolations from hydrogen analyses 
made at two different times. In the pre- 
ferred method, the diffusible hydrogen, 
which is the analytical or total hydrogen 
minus the residual hydrogen, is plotted on a 
logarithmic scale against time on a linear 
scale. Such a plot should be linear if the 
process is controlled by Fick’s diffusion 
law. Only the diffusible hydrogen is con- 
sidered because the residual hydrogen does 
not appear to contribute to the concentra- 
tion gradient controlling the process. 
Actually, the semilogarithmic plotting is 
useful even when the residual hydrogen is 
not known. This is especially true when 
analyses are available near zero time when 
the correction for residual hydrogen is 
relatively small. The correctness and con- 
venience of such a plot are shown in Fig 8, 
which contains information deserving ex- 
tensive discussion. It shows a comparison 
between the vacuum fusion method of 
hydrogen analysis described in this paper 
and the modified solid extraction method 
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which has been developed at Battelle 
Memorial Institute.* The purposes of the 
comparison were served best by omitting 
the correction for residual hydrogen. In 
this comparison a rail crop was cut into 6 
consecutive 2-in. slices which were distri- 
buted alternately to the two cooperating 
laboratories. The analyses obtained by 
vacuum fusion are shown by open circles, 
while those obtained at Battelle are shown 
by squares. It is evident that, if the best 
line is drawn through the four B points 
obtained by vacuum fusion on the tenth 
and nineteenth days after rolling, this line 
passes through the two B points obtained 
the day the rail was rolled. Analyses were 
made at only two times for the A speci- 
mens. One can observe the different hydro- 
gen concentrations in the A and B locations 
and see that it is highest in the center of 
the rail. The dashed line is the average of 
all vacuum fusion analyses. Since the data 
could be treated in this way, and since the 
hydrogen content of the rail at any time 
would be established by a limited number 
of vacuum fusion analyses, it was possible 
to plan a comparison with the Battelle 
method without establishing a definite 
schedule of times at which the analyses 
must be made. It is observed that the 
points obtained at Battelle on the sixth and 
thirteenth days after rolling fall in the 
expected positions and establish a very 
good absolute agreement between the two 
independent methods. The Battelle analy- 
ses on the twenty-first day appear too low, 
but it should be remembered that the total 
amount of hydrogen present at this time 
is very small and that the logarithmic scale 
exaggerates differences which are actually 
very small. 

The above example illustrates the value 
of the semilogarithmic plot without cor- 
recting for residual hydrogen, but the 
logical importance of the residual hydrogen 
concept must not be neglected. The use of 
the concept allows us to treat the time 
dependence of the hydrogen content of 
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steel by established diffusion theory. The 


_ recent British treatments of the subject®.!° 


have led to unnecessarily complex mathe- 
matical expressions whose physical sig- 
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content is plotted against time. The full 
interpretation of the “residual hydrogen”’ 
quantity and its part in the general hydro- 
gen problem is not clear at this time. Data 


O Battécce Anacysis 
OC.I-T. Anavysis 
Averace or C.1.T. Bsampces 


—— — Averace or ©.1-T. Asampces 


Averace or C.-T. AtB sameces 


0001 


Hyorocen Percent 


.0000 
0 4776 8 


10 12 14 16 


18 20 22 2 


Days Arter Rov.ine 
Fic 8—CoMPARATIVE ANALYTICAL DATA ON RAIL SAMPLES. 
Showing linear relation when plotted on semilogarathmic scale. 


nificance is uncertain. If these data are 
reconsidered and corrected for residual 
hydrogen, they show the expected linear 
relation when the logarithm of hydrogen 


to be presented in the section on Sample 
Preparation will show that this residual 
quantity is truly characteristic of the mass 
of metal considered and is not a surface 
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contaminant. However, if the above rea- 
soning is correct, the residual hydrogen 
can be determined from a semilogarithmic 
plot of hydrogen analyses made at three 
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individual heats are considered, the first 
hydrogen analysis for each heat which | 
flakes yielded a value above the 20 limit. 
After longer storage the hydrogen content 


,001000; 


Percent HyoroGeN (Total H—-000002% Resiouat H) 


@ Heats WITH FLAKES 


OHeats WitHouT FLaKes 


2 4 6 8 
Interval Arter Rowtine (Days) 
Fic g—CHANGE IN HYDROGEN IN RAILS WITH TIME AFTER ROLLING. 
Semilogarithmic plot. Group 1, one inch slices from plant A. 


different times by finding what correction 
is required to make these points linear. 
With this understanding of the loss of 
hydrogen from rails after rolling, and the 
semilogarithmic method of plotting, it is 
possible to consider the data in greater 
detail. Complete data for the diffusible 
hydrogen of all heats are plotted in Fig 
g, to, and 11 for Groups 1, 2, and 3 respec- 
tively. Analyses from heats which flaked 
are shown as solid circles. Since there is 
considerable scatter from heat to heat 
within each group of heats, and since only 
four of the 31 heats developed flakes, it is 
difficult to draw definite conclusions, but a 
relation between flakes and a high hydro- 
gen content after rolling is indicated. In 
each group a solid line has been drawn to 
show the average trend, and the 2¢ limits 
have been added on the basis of the data 
for the first 13 days, which are felt to be 
more significant than later points. When 


of some of these heats fell below the 20 
limit, but all remained above the average 


| 


of the group within the time limits included — 


in Fig 9 and ro. It was not felt that further 
work on this program would be profitable 
because it is so difficult to find a heat which 
flakes. 

Another series of experiments was made 
to establish the importance of temperature 
in the escape of hydrogen from a rail. For 
this purpose 2-in. rail slices from the same 
heat were kept in ovens at 108 and 203°C 
and water quenched at appropriate time 
intervals for*sampling and analysis. A 
uniform procedure was adopted to evaluate 
the time at temperature. Heating curves 
were measured by imbedding a thermo- 
couple in the center of the railhead and 
measuring the rate of heating in the oven. 
The time at temperature was taken as the 
time in the oven minus half the time re- 
quired to bring the rail slice up to tempetas 
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ture (114 hr at 203°C). The data are shown 
in Fig 12, where the curves for 23, 108, and 
203°C are all adjusted to the same initial 
hydrogen value of 0.0003 pct. Curves for 


00100 


Percent Hyorocen (Total H-0.00002% Resiouvat H) 
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hydrogen is accepted as a diffusion process, 
it should be possible to calculate the tem- 
perature coefficient for the process from 
these data and thus to calculate the rate 


@ Heat WITH FLAKES 
O Heats WITHOUT FLAKES 


ate tel 


20 22 24 


AFTER ROLLING (Days) 


Fic 10—-CHANGE IN HYDROGEN IN RAILS WITH TIME AFTER ROLLING. 
Semilogarithmic plot. Group 2, 2-in. slices from plant A. 


commercial length rails are also included 
in this figure. Their calculation will be 
described later in the paper. The 23° curve 
is the average of all Group 3 heats and this 
value is chosen to represent average room 
temperature. It is clear from Fig 12 that 
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of hydrogen loss at any temperature below 
the eutectoid. The studies of Andrew and 
co-authors!* support these assumptions. 
A simple method for carrying out such 
calculations follows: 

In Fig 12 the time intercepts for each of 


Percent Hyorocen (Tota H-0 00004% Resiouat H) 
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Fic 11—CHANGE IN HYDROGEN IN RAILS WITH TIME AFTER ROLLING. 
Semilogarithmic plot. Group 3, 2-in. slices from plant B. 


the temperature coefficient for this process 
is so great that the same techniques could 
not be used to good advantage at higher 
temperatures because the time intervals 
would become too short to allow good 
measurement. However, if the escape of 


the three temperatures are taken at any 
selected hydrogen level (0.00011 pct hydro- 
gen level was used). This time is inversely 
proportional to the average rate of hydro- 
gen evolution from the center of the rail 
heads for these temperatures. It has been 
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ExperiMenTat Data (2" Suices) 


___ Cat cucateo (COMMERCIAL LENGTH Rai) 
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Fic 12—Loss OF HYDROGEN FROM RAIL STEEL AT DIFFERENT TEMPERATURES. 
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shown that the rate of hydrogen evolution 
is a diffusion process and it is therefore 
proportional to the diffusion constant, D, 
and the concentration gradient. For a 
selected concentration gradient such as we 
are considering, the rate of evolution is 
then proportional to D, or equal to a func- 
tion of D, which will be designated F(D). 
Also, the reciprocals of the time intercepts 
on Fig 12 are proportional to F(D), or 
equal to a new function of D, f(D). The 
value of the diffusion constant varies with 
the temperature in such a way that a 
linear relationship exists between log D 
and the reciprocal of the absolute tem- 
perature. Thus, a plot of the log of the 
reciprocal of the times taken from Fig 
12, and the reciprocal of the absolute tem- 
perature would give a straight line. This 
line is shown in Fig 13. From Fig 13 the 
value of f(D) for any temperature can be 
obtained. The reciprocal of this value 
inserted into Fig 12 at the selected hydro- 
gen level gives the second point needed to 
draw in additional curves for other tem- 
peratures. (The point of convergence for 
the curves is the other point.) 


EVALUATION OF THE PROCEDURE 
Precision 


The data from the adjacent B; and By 
specimens of the Group 2 heats provide a 
means of evaluating the precision of the 
procedure. It is felt that these specimens 
from the center of the rail head are the 
best duplicates available for this purpose, 
since any heterogeneity in the ingot should 
be largely eliminated by the processing 
required to form the rail. The results shown 
in Table 7 include effects of possible segre- 
gation as well as sampling and analytical 
errors. The statistical analysis!* of these 
twenty-seven pairs gives a standard devia- 
tion of +o.cocorg pet for the total error 
of the hydrogen values. The probable 
error is +0.000013 pct. 

No absolute standards are available for 
hydrogen in steel. Its fugitive behavior 


237 


makes it unlikely that any such samples 
will ever be available. It is therefore 
difficult to determine the accuracy of any 
analytical method. However, the com- 
parative analyses of the rail heat shown in 


TaBLE 7—Data Showing Variation of 
Hydrogen between Adjacent Specimens in 
Rails (2-In. Slices) Used to Calculate 
Standard Deviation of the Total Error 

of the Hydrogen Values 


Se 


Hydrogen Analyses on Pairs of 


Specimens in Pct Difference in 


Percent 
Hydrogen 
Specimen Bi Specimen Bz (D) 

0.000135 0.000155 +0.000020 
0.000204 0.000199 0.000005 
0.000144 0.000149 0.000005 
0.000073 0.000072 0.000001 
0.000211 0.000162 0.000049 
0.000173 0,000126 0.000047 
0.000088 0.000084 0.000004 
0.000069 0.000075 0.000006 
0.000102 0.000104 0.000002 
0.000078 0.000114 0.000036 
0.000034 0.000028 0.000006 
0.000081 0.000068 0.000013 
0.000107 0.000094 0.000013 
0.000206 0.000206 0.000000 
0.000007 0.000030 0.000023 
0.000288 0.000218 0.000070 
0.000013 0.000010 0.000003 
0.000220 0.000232 0.000012 
0.000014 0.000017 0.000003 
0.000230 0.000206 0.000024 
0.000006 0.000000 0.000006 
0.000108 0.000122 0.000014 
0.000185 0.000107 0.000078 
0.000134 0.000157 0.000023 
0.000158 0.000171 0.000013 
0.000179 0.000171 0.000008 
0.000092 0.000084 0.000008 


os ee eee SS 
Bi — Bs = +D and Bz — Bi = —D 
> (D — Di)? _ 200.96 X 107? 
n 27 
Standard deviation of difference 
ate 
AED = DAF = ay. 28 x 10" 


Standard deviation of total error of hydrogen values 
= oT 


=, 443X501 


=oD = 


CDE ne 27.28 X 1078 
1.414 1.414 
Probable total error of hydrogen values = 0.67407 
= +0.000013 pct 


oT = = +0.000019 pet 


Fig 8, and similar results on other samples 
exchanged in the same program, indicate 
that the accuracy is good. These data will 
be the subject of a separate paper. 


Sample Preparation 


The accumulated data on rails make it 
possible to understand the importance of 
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well planned sampling procedures in work 
involving hydrogen and some important 
practices will be described. 

It is apparent that no marked tempera- 
ture rise should be permitted during the 
cutting of specimens to be used for hydro- 
gen analysis. This condition is satisfactorily 
met by using a cutting machine with a 
coolant, as the following experiment shows. 
A length of rail head was cut longitudinally 
using a coolant on a metal band saw. The 
temperature was measured by means of a 
thermocouple placed in intimate contact 
with the rail head with the junction of the 
couple in the plane of the saw blade. The 
maximum temperature rise was 1.3°C for 
a new blade. For a new blade the cutting 


time and rise in temperature was a third of - 


that found for a worn blade. There is no 
doubt that such cutting is safe in view of 
the fact that room temperature varies more 
than this. 

Since hydrogen escapes from steel by a 
diffusion controlled process, it follows that 
even at room temperature, the smaller the 
specimen, the more rapid will be the hydro- 
gen loss. The greater rate of hydrogen loss 
for the thinner rail slice is shown in Fig 7. 
Because of this, final cutting of the small 
analytical specimen should be as rapid as 
heating effects will permit, and the period 
of open storage of a cut specimen should be 
no longer than necessary. The hydrogen 
loss from a ‘3¢-in. cube of rail steel on stor- 
_ ing in a desiccator is shown in Fig 4. It is 
apparent that the greater the initial hydro- 
gen level in a specimen, the greater the 
hydrogen loss in a given interval of time. 
The curve for hydrogen loss in a desiccator 
in Fig 4 is taken from Fig 14. The data in 
Table 8 indicate that the hydrogen content 
of these small cubes reaches a constant 
residual value at the end of one day’s 
storage. 

For greater accuracy, then, it is necessary 
to take into account the hydrogen lost 
from the small cubical specimens between 
the time of removal from the massive 
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sample (taken as the midpoint of the cut- 
ting time) and the time of analysis. This 
is conveniently done by means of a curve, 
such as is shown in Fig 14, where the 
diffusible hydrogen concentration on a log 
scale is plotted as a function of time. 


Taste 8—Loss of Hydrogen from Small 
Cubical Specimens 


a 


Pet erie of as 
Hydrogen ime c . 
Present Removed | Hydrogen pie 
at Time from Rail in Cubes. Pairs. Pot 
of Removal Before by Analysis : 
from Rail Analysis 
0.00016 24 hr 0.000042 
0.000040 0.000002 
0.00025 26 hr 0.000053 
0.000069 0.000016 
0.00027 3 days 0.000038 
0.000039 0.000001 
0.00014 6 days 0.000067 
0.000061 0.000006 
0.00021 21 days 0.000027 
0.000051 0.000024 
0.00034 23 days 0.000039 
0.000045 0.000006 
0.000009 


Although Fig 14 shows two lines, both lines 
are a continuation of the same curve, 
segments of which have been displaced to 
provide for a greater range of hydrogen 
values in a compact form. A point on the 
curve corresponding to the diffusible hydro- 
gen value, read on the appropriate scale, is 
extrapolated to the left a distance equiva- 
lent to the time interval being used for the 
adjustment. The hydrogen value read from 
the curve at this point plus the residual 
hydrogen is the adjusted total hydrogen 
value. The curve in Fig 14 is the average of 
analyses made at intervals of several hours 
on 3¢-in. cubes from three heats of rail 
steel. Similar hydrogen loss curves could 
be constructed for other materials. The 
maximum time interval for which the 
adjustment is normally made is about 3 
hr. Longer extrapolations are not only sub- 
ject to larger error, but are unnecessary 
with the availability of the hydrogen 
sample storage tubes to be described in the 
next section. 
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A number of pairs of specimens, assumed 


to be duplicates, were analyzed after vari- 
ous time intervals to compare the hydrogen 


‘ 
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by analyzing, in pairs, cubes of the metal 
with and without the use of cleaning agents 
after filing. Great care was exercised in 


PERCENT DIFFUSIBLE HYOROGEN X 10° 


fe} ' 2 3 4 


5 


6 7 8 C} 10 tl 12 


TIME INTERVAL (hours) 
Fic 14——CORRECTION CHART. 
Used for correcting 34-in. cubes for hydrogen loss between cutting time and analysis. 


values obtained by analysis with those 
obtained from Fig 14. The hydrogen analy- 
sis of the second member of each pair 
extrapolated over the indicated time inter- 
val should check the analysis for the first 
member of the pair made at the beginning 
of the time interval. These results are 
shown in Table 9 which shows satisfactory 
agreement between extrapolated and ana- 
lyzed values. 

The possibility was considered of there 
being some absorption of the organic clean- 
ing agents on the freshly filed steel surfaces 
of the specimens; which might thus account 
for the residual hydrogen found in various 
steels. The existence of such an effect in the 
case of rail steel and ingot iron was tested 


handling these specimens so that no con- 
tamination should occur after filing, espe- 


Taste o9—Comparison of Actual with 
Extrapolated Hydrogen Values 


Hydrogen in Second 


Hydrogen in 2 

First Mem- | Time Interval Member of Pair 

ber of Pain| Before Analy= |e 

Analyzed at | sis of Second : 

C ieee of | Member, Hr | Pct by | Pct Extra- 

: naaiyens Analysis polated 
0.000106 3.0 0.000087 | 0.000105 
0.000282 1.0 0.000266 | 0.000293 
0.000172 cae | 0.000156 | 0.000172 
0.000264 0.9 0.000252 | 0.000282 


cially in the case of the specimens on which 
no cleaning agents were used. Specimens 
of low hydrogen content-were used in order 
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to obtain the best possible duplicates. The 
data from these tests are in Table 10 and 
show that the method of cleaning described 
in this paper has no effect on the final 
hydrogen result. Even though regular 
shaped specimens may be cleaned by filing 
alone, the use of cleaning agents is a 
decided advantage because excessive and 
time consuming precautions against con- 
taminations are necessary when agents 
are not used. However, it is important to 
insure that no solvent is carried into the 
crucible by specimens containing cracks or 
cavities. 


TABLE 10o—Effect of Cleaning Agents on 
Hydrogen Analyses 


Hydrogen Found, Pct 


aS oct Regular | No Clean- Difference 
Cleaning | ing Agents tom 

Procedure Used Regular 
Procedure 
: 0.000061| 0.000067 0.000006 
Rail steel.... 0.000089] 0.000087 | —0.000002 
0.000029] 0.000027 | —0. 000002 
‘ 0.0000IT} 0.000012 0.000001 
Ingot iron....} 1 0.000019] 0.000020 0.000001 
0.000031| 0.000031 0 000000 


av. 0.0000007 


In order to demonstrate further that 
this prescribed treatment does not intro- 
duce appreciable amounts of surface hydro- 
gen into the analysis, a series of samples 
was analyzed in which the ratio of surface 
to mass was deliberately varied over a 
wide range. To increase the significance of 
the results, the ingot iron used for the 
purpose was partially dehydrogenized and 
homogenized by prolonged high tempera- 
ture treatment in vacuum. Standard 3¢-in. 
cubes. were cut from these bars and the 
remaining material was rolled into strips 
about 0.020-in. thick. Both cubes and 
strips were given an additional high tem- 
perature vacuum. treatment to insure 
comparable surfaces. They were removed 
from the furnace and given the normal 


sample exposure to air, the strips were 


coiled for convenience in handling and 
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both cubes and strips were given the 
prescribed surface treatment with benzene 
and acetone. After storage in a desiccator 
for 14 days, they were analyzed with the 
results shown in Table 11. Even though 
the ratio of surface to mass was five times 
greater for the strips than for the cubes, 
the difference in hydrogen content of the 


two types of sample is well within experi- 


mental error and this could not be true 
if the hydrogen is present as surface 
hydrogen. ; 
Studies of surface gases on silicon steels*® 
showed a high absorption of water on 


TaBLE 11—Data Showing That Hydrogen 
Content Is Independent of Ratio of 
Surface to Mass 


Area, 


Analysis, 


Type of 


Weight, - 

2 Weight 

Sample Pct H cm g cmt/e 
Stripe... cant: 0.000012 | 80.7 | 14.95 5.81 

SUMS Se cine 0.000014 | 74.7 | 13.22 5.64 ° 
SUrLpSSa eas 0.000020 | 75.5 | 15.73 4.80 
3g-in. cubes. .| 0.000022 4.45} 5.085 0.88 
3g-in. cubes..| 0.000022 9.20] 10.84 0.85 


exposure to air, but this is apparently a 
special case caused by the presence of 
silicon. 


HypROGEN SAMPLE STORAGE TUBES 


It is now recognized that the fugitive 
nature of hydrogen in steel presents a prob- 
lem in connection with the holding of a 
sample until a time when the analysis can 
be made. The loss of hydrogen can be 
serious in a matter of a few hours for small 
specimens removed from massive samples 
and also in the case of newly cast furnace 
samples of thin section.6 The obvious 
course of analyzing the specimen imme- 
diately is often neither possible nor prac- 
tical, especially when the samples must be 
transported some distance to the labora- 
tory for analysis or when the number of 
specimens removed from a massive sample 
excludes the possibility of analysis of all 
samples within a few hours or even in the 
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same day. It is apparent that some means 
is required to trap the escaping hydrogen 
in order to obtain an analytical hydrogen 
value which is truly representative of the 


3 ¥5 Ground Joint 


Fic 15—STORAGE TUBE FOR HYDROGEN TEST 
SAMPLES (TYPE 1). 


source from which the sample was obtained. 
This has been accomplished by two types 
of sample storage tubes, 

Type 1—The storage tube shown in Fig 
18 consists of a copper receptacle stored 
over phosphorus pentoxide in a Pyrex 
container. The copper receptacle shown is 
slotted to take a thin chill cast sample; for 
cube shaped specimens, copper receptacles 
with a hole of the appropriate size drilled 
in the top are used. The copper receptacle 
absorbs the residual heat in the sample and 
reduces the volume of air in the tube. 
About 0.2 g of P.O; and a large glass bead 
are located at the bottom of the tube; the 


bead supports the copper receptacle and 
prevents contact with the dehydrant. 
Fresh dehydrant is placed in the tube each 
time it is used; also, the large ground joint 


¥ 4s Ground Joint 


Pressure Stopcock 


Gas Evolved During Storage 


Hydrogen Test Sample 


Fic 16—MERCURY IMMERSION TYPE HYDROGEN 
SAMPLE STORAGE TUBE (TYPE 2). 


and stopcock are greased with just enough 


working-in of the grease to prevent the 
moisture in the atmosphere from leaking 
into the dehydrant. A small ground joint 


' at the top of the storage tube serves to 


connect the tube to the hydrogen appara- 
tus for the removal of the gas evolved dur- 
ing storage as shown in Fig r. Six units are 
arranged in a small carrying case. 

Type 2—The storage device in Fig 16 
consists of a mercury trap which allows 
the gas evolved during storage to collect 
below a stopcock which can be connected 
to the hydrogen apparatus in the same 
manner as for Type 1. The mercury in this 
device must be kept clean, the method 
selected for the mercury lift being satis- 
factory, except that it may occasionally be 
necessary to degrease the mercury. The 
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mercury is raised just through the stopcock 
by application of a vacuum through a piece 
of rubber tubing. The rubber stoppers in 
the mouth of the tubes prevent loss of 
mercury in transit. These units are ar- 
ranged in a small carrying case in such a 
manner that they can. be used without 
removing them from the case. 

Using the storage tubes is simple. With 
Type 1 tube it is necessary only to remove 
the cap, place the sample in the copper 
receptacle, replace the cap with the stop- 
cock open and, after turning the cap several 
times to obtain a tight joint, the stopcock 
is closed. The sample may then be held in 
the tube until the analysis can be made. 
For the Type 2 tube the sample is pushed 
under the mercury, by means of a small rod 
with a flattened end, until it is beyond the 
bend in the tube. Samples cut from massive 
pieces are cleaned in the manner described 
under Preparation of Specimen before 
placing them in the tubes. At the time the 
analysis is made, the storage tube of either 
type is attached to the ground joint pro- 
vided for that purpose on the hydrogen 
apparatus as shown in Fig 1. After the 
spiral freezing trap has been given a pre- 


liminary evacuation through Srz, liquid 


nitrogen is placed around the trap, and the 
evacuation continued for several minutes 
through S12 with S2 and S1rz closed. The 
stopcock on the storage tube is then opened 
and the evacuation continued for several 
minutes after having set the apparatus for 
gas collection. For the tubes of Type 2 the 
stopcock on the tube is opened only long 
enough to force any gas in the tube through 
the stopcock, S12 and the stopcock on the 
tube are then closed and the gas analysed 
in the manner already described, S15 is 
opened to release the vacuum so as to 
facilitate removal of the storage tube. The 
solid sample is then removed from the stor- 
age tube and prepared for analysis. The 
‘total hydrogen is, of course, the sum of the 
hydrogen in the gas sample and the solid 
sample. . 


It was found necessary to use phosphorus 
pentoxide in the Type 1 storage tube to 
prevent rusting of samples. Samples in 
tubes containing moist air gave erroneously 
high and erratic hydrogen values. 

The reliability of the storage tubes was 
decided on the basis of whether or not any 
significant gain or loss of hydrogen could 
result from holding samples in the tubes. 
Gain in hydrogen could occur only as the 
result of there being a water or hydrogen 


blank. Therefore, blank analyses were made 


on the air contained in the Type 1 tubes 


after they had been opened to the atmos- ~ 


phere for about one minute, just as they 
would be when introducing a sample, and 
allowed to stand from one to seven days. 
With the present method of using the 
tubes, no hydrogen blank was found; only a 
small constant water blank equivalent to 
0.000001 pct hydrogen per 10 g sample— 
Table 12, Part A. 

Somewhat higher average water blanks 


‘were found with a shorter freezing trap 


and also with a solid CO.-acetone mixture 
as the coolant, as shown in Part B, Table 
12. The necessity for preventing contact 
between the copper filler and dehydrant is 
indicated by the considerable hydrogen 
blank resulting after two days of direct 
contact. However, small amounts of the 
dehydrant spattered on the copper should 
be insignificant as the area of contact in 
the test just mentioned was much greater 
than would ever result with reasonable care 
in handling the tubes. The average blank 
for the Type 2 tubes was the same as for 
the Type 1 tubes, although greater varia- 
tion from the average was found for the 
former than for the latter. 

Some data have been obtained with rail 
steel specimens of known hydrogen content 
stored in Type 1 tubes which indicate there 
is no loss of hydrogen in these.tubes. These 
data are shown in Table 13. Each of the 
values given is the average of two analyses 
on specimens from the indicated locations 
in the rail head. The specimen location 
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notation conforms with that shown in Fig 6 
except that the notations AB and BC, not 
shown in Fig 6, are used for specimens 
located between and adjacent to A and B 
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Further, the ability to detect the difference 
in hydrogen content between the A and B 
specimens has not been lost by holding the 
specimens in tubes. This is shown in Table 


TABLE 12—Storage Tube Blank Data 


. Blank Equivalent in Pct Hydrogen per 10 g Sample 


Type Length of Freezing 
Freezing Trap Water Hydro 
Tube Trap (Cm) Coolant Asides 
Max. | Min. | Av. Max. | Min. | Av. 
A—Present Method Used for Samples 
I | 110 | Liq. N 0.000001 | 0.000000 | 0.000001 | 0.000001 | 0 000000 | 0.000000 
B—Other Methods Used 
I IIo Solid CO2 0.000005 | 0.000002 | 0.000003 
acetone 
I 37 Liq. N 0.000005 | 0.000002 | 0.000004 
37 Liq. N 0.000007 | 0.000000 | 0.000004 P 
C—Copper Filler and P20s in Contact for Two Days 
I IIo | Liq. N 0.000001 | 0.000001 | 0.000001 | 0.000013 | 0.000010 | 0.0000IT 


and B and C respectively. Thus, we may 
expect the average of A and B specimens 
to be comparable to AB specimens. Like- 


TaBLE 13—Comparison of Samples Held 
in Storage Tubes with Those Analyzed 
on Cutting 


SS ae 
Specimens Analyzed Specimens Held in Tubes 


Immediately 
Loca- 5 
gcce. Average tion Average cube 
Rail Hydrogen in. Hydrogen | qi,hes 
Head Pct* Rail Pct* (Days) 
Head 
A 0.000342 B 0.000367 I 
A 0.000128 B 0.000183 I 
A 0.000319 B 0.000380 3 
av. 0.000263 av. 0.000310 
av.of A 
plus B 0.000173 | AB 0.000171 6 
av.of A 
plus C 0.000180 BC 0.000180 I 
AB ‘0.000300f| AB 0.000418T 4 


* Values adjusted for loss of hydrogen during 


cutting. 
tT Specimen not properly prepared before placing in 


fave, 


3 
Pita bash & 


wise. the average eg B and C would be com- 


parable to BC. 
This is shown in Table 13 to be the case. 


ce 


13 where the average hydrogen value for 
the B specimens is 0.000047 pct higher than 
for the A specimens. This is a difference of 
about the same magnitude as that shown 
in Fig 8. It will be noted that the last item 
in Table 13 shows considerably poorer 
agreement because in this case the speci- 
men was deliberately prepared improperly 
before placing it in the tube, in other words, 
the specimen was merely wiped dry after 
cutting. This points up the importance of 
great care in sample preparation. 


EFFECT oF SIZE AND SHAPE ON THE Loss 
or HypROGEN FROM A SOLID SAMPLE 


Some means of predicting the influence 
of size and shape of the specimens on the 
rate of loss of hydrogen from steel would 
be of practical importance. Rigorous 
mathematical treatment to give a general 
solution of the problem of loss of hydrogen 
from finite solids of various sizes and shapes 
is extremely complex. Even if an exact 
mathematical treatment could be made, it 
would be less useful from a practical stand- 
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point than a simpler and readily applied 
though less rigorous method. Also, the 
results obtained by an exact treatment, 
except under exacting control, might be 
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and shape. The different shapes used were: 
3¢-in. cubes, 1- and 2-in. rail slices and a 
4X4 Xo-in. billet. The experimental 
diffusing times were taken from Fig 17 at 


axaxo” Bittet 

Rait OF INFINITE LENGTH (CALCULATED) 
gf Ra suice 

Rai suice 


Cas 
~ 
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24 «626 32 36 40 44 48 


Tiwe (Oars) 
Fic 17—Loss OF HYDROGEN FOR DIFFERENT SHAPES. 


illusory because of the disturbing influence 
of various factors such as surface condi- 
tions, changes in atmospheric temperature 
and also the normal variation in composi- 
tion of the diffusing medium which would 
affect the diffusion constant. 

In this work the diffusing time for a given 
change in hydrogen content at the center 
of finite solids, is proportional to a shape 
factor (F,); that is, 


Vol 2 
(Uitusint, thaeks cshieen| ewer cea ) 


Surface area 


The usefulness of the relation was tested 
by plotting the shape factor against the 
experimentally determined diffusion times, 
in Fig 18, for four solids differing in size 


the 0.00006 pct hydrogen level. The fact 
that the points plotted in Fig 18 fit a 
straight line indicates a linear relationship 
between diffusing time, for a given change 
in hydrogen content, and the shape factor, 
This relation was tested with the data given 
here and appears to be general. It was used, 
for example, in the present work on the 
diffusion of hydrogen from 2-in. rail slices 
which are of a size for convenient handling 
but too short to eliminate end effects. It 
was possible to reduce these data to equiva- 
lent data for a full length commercial rail, 
as shown in Fig 17. The shape factor was 
calculated for the head of a rail of infinite 
length by using the volume and surface 
area figures for a unit length without in- 
cluding the areas of the two ends in the 
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latter figure, on the principle that for a 
sufficiently long rail the volume to surface 
ratio is independent of the length. The 
diffusing time was then taken from Fig 18 
and plotted in Fig 17. The curves for the 
rail of commercial length in Fig 7 and 12 
were then taken from Fig 17. 


SUMMARY 


When a standard vacuum fusion equip- 
ment for the analysis of gases in steel is 
modified so samples can be analyzed 
immediately after introduction to the 
vacuum, so that hydrogen blank correc- 
tions are small, and so the gas reservoirs 
and pressure measurement are adjusted to 
the small amounts of hydrogen which are 

present, it is possible to analyze steel for 
hydrogen with a probable error of + 0.00001 
pet. If the results of such analyses are to 
carry significance, it is necessary to give 
careful attention to all details related to 
the preparation of the sample. The cutting 
of the sample must be rapid to avoid loss of 
hydrogen, and must be done with good 
tools to avoid heating. The time elapsed 
between cutting and analysis should be as 
short as possible but also a matter of 
record. The surface of the specimen must 
be free of oil or moisture. Samples can be 
stored in dry, closed containers so that the 
gas lost during storage can be collected and 
analyzed. 

These procedures have been used to 
study the behavior of hydrogen in rail steel. 
It is observed that the initial hydrogen 
content of a rolled rail is about 0.0003 pct 
and that this decreases to a “residual” 
value of about 0.00003 pct in a period of 
about 60 days after which there are no 
further observable changes. If the gas 
which escapes during this 60 day period is 
considered separately as the “ diffusible 
hydrogen” and treated in accordance with 
diffusion theory, it is possible to extend a 
limited number of analyses so as to describe 
the changes in hydrogen content of any 
size or shape of specimen at any tempera- 
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ture below the critical. Data from rail 
steels have been shown to conform to this 
interpretation. 

In the group of heats studied, those heats 
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which flaked were also higher than average 
in hydrogen in the as rolled condition. 
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DISCUSSION 
| (J.G. Thompson and S. Marshall presiding) 


L. S. Darxen*—In general I was very 
favorably impressed by both the quality and 
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quantity of the work presented on the subject 
of hydrogen. There is a lot of information here 
that we have wanted for some time, and which 
will be very useful. 

There is one point I would like to make. The 
authors belittle the extraction of hydrogen at 
lower temperatures and point out that at goo 
to 1100°C very small amounts of hydrogen 
were extracted from the specimen. They say 
that the complete extraction of hydrogen from 
steel in 30 min. or less is not possible unless the 
steel is actually molten. In Table 5, they give 
data showing the very small amount of hydro- 
gen they were able to extract at goo°C. Any- 
body looking at that table and reading that 
paragraph would be tempted to conclude that 
it would be foolish to attempt to extract hydro- 
gen at lower temperatures. The authors even 
say that it is obvious that even less hydrogen 
may be extracted in a given time below goo 
than at 900°C. 

On the other hand, in a latter section of the 
paper, the authors emphasize the speed and 
care required to avoid loss of hydrogen from 
the specimen at room temperature. They give 
data at room temperature, and at roo and 
200°C, showing how very fast the hydrogen 
does escape. Their data for the rate of escape 
at 200°C shows about 90 pct evolved in a day. 
If this low temperature data were extrapolated 
a bit, we would conclude that at about 500 or 
600°C, about 90 pct of the hydrogen would be 
evolved in a half hour or an hour. This is quite 
a contradiction to the authors’ conclusion 
based on their data at goo°C and above. 

I would like to suggest the possibility that 
this rapid evolution at low temperatures and 
the slow evolution they show at goo°C is re- 
lated to the phase change of iron. The rapid 
evolution in the alpha iron range is in accord 
with my own experience and that of others, 
namely that in the alpha iron range the hydro- 
gen can be extracted rather rapidly. The low 
rate found at 900°C may be much smaller than 
that at 600 or 7oo°C because the iron at 
goo°C is in the austenitic condition where the 
diffusivity is perhaps smaller. 


G. A. Moorr*—Dr. Derge brought out the 
fact that time makes a lot of difference in the 
evolution rate and that the observed effects 
depend on whether you are looking at the be- 
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DISCUSSION 


ginning or the end of the process. No low 


“temperature evolution which we have run has 


ever failed to leave some residual hydrogen in 
the sample; this is also true for aging experi- 
ments. However, no sample has failed to give 
off some hydrogen rapidly in the beginning of 
storage at room temperature. 

I wish to show Dr. Darken some figures from 
the manuscript of a paper on comparative tests 
which Dr. Derge and I are hoping to finish in 
the very near future. In this test we measured 
the gas evolved at room temperature. We then 
followed the procedure recommended by the 
English, 2 hr extraction at 650°C, and com- 
pleted the extraction at 1050°C. A slight 
residual correction was made for the final 
analysis. 


HyDROGEN 

METHOD (Wr. Pct) 
Room Temp. V Bee: setae: 0.000463 
650°C. (@ hr) .- ~ 21k 0),00005L 
r050°C (70 hr). . 0.000067 
Calculated Residue. . 0.000007 
PRGtAl ANALY SiS clisteretsreisi=s= 0.000591 


This result was checked by an independent 
run of the British method and by vacuum fu- 
sion tests. In the comparative tests we per- 
formed this particular procedure three times, 
always checking against the other methods, 
and got the same answer every time. 


G.*: Derce (authors’ reply)—We wish to 
thank Dr. Darken for clarifying the influence 
of temperature on solid extraction. His obser- 
vation of the importance of the critical tem- 
perature in this process is generally accepted 
as correct. However, there are some additional 
characteristics of the evolution process which 
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are important in analytical work. These fea- 
tures are demonstrated best in the work of 
Moore and Smith* which shows that in the 
alpha range there is an initial rapid evolution 
of hydrogen at any given temperature. This 
evolution appears to be complete, but, if the 
temperature is increased, another rapid evolu- 
tion occurs. This behavior does not stop until 
the gamma range is reached. These observa- 
tions dé not encourage one to develop low 
temperature solid extraction methods. 

Since preparing the original paper, we have 
had the additional experience of analyzing steel 
samples which had previously been analyzed by 
low temperature extraction. The vacuum fusion 
analysis of these samples showed more than 
o.0o0or pct additional hydrogen in many cases. 

We also wish to thank Dr. Moore for the 
additional evidence he has provided in his 
discussion. 


J. G. THompson—The effects of hydrogen 
and methods of determination have been of 
extreme interest for a number of years, and 
have been highly controversial. It certainly 
seems from the papers presented this morning 
that we are making progress on the determina- 
tion of hydrogen and on the understanding of 
how much hydrogen we have and, conse- 
quently, what its effects will be. 

On the other hand, while we have made ~ 
progress, we evidently have not reached the 
final and desirable state of knowing exactly 
where we stand. 


*G. A. Moore and D. P. Smith: Occlusion 
and Evolution of Hydrogen by Pure Iron. 
Trans. AIME (1939) 135, 225- 


Apparatus for the Hot-extraction Analysis for Hydrogen in Steel 


By CLARENCE E. Sims* AND Grorce A. Moore,t MemsBers AIME 
(New York Meeting, February 1948) 


INTRODUCTION 


IN previous publications of the writers*~7 
it has been shown that vacuum extraction 
of steel can be carried as close to quantita- 
tive completion as desired provided the 
steel is in the austenitic state and suffi- 
cient time is allowed. For precise work, 
the method claims preference because the 
equipment for holding and heating the 
sample can be made simple, and because 
crucibles, boats, and other unnecessary 
materials can be eliminated and the blanks 
thus made very small. 

It is well known that the evolution rate 
of hydrogen is smaller just above the trans- 
formation than immediately below, as 
would be expected from the increase in 
solubility when passing into the gamma 
state. Many attempts have been made to 
obtain analyses by extraction just below 
the transition, using times of approxi- 
mately 2 hr. While it is true that the rate of 
evolution drops nearly to zero under these 
conditions, it has repeatedly been shown 
that the process is incomplete since on 
raising the temperature into the austenitic 
range, evolution will be resumed, usually 
after a considerable induction period. 

The low-temperature evolution process 
appears to be useful in some cases for com- 
parative tests where the residual error may 
be more or less constant between samples. 


Manuscript received at the office of the 
Institute December 26, 1947. Issued as TP 2360 
in METALS TECHNOLOGY, June 1948. 


* Assistant Director, Battelle Memorial 
Institute. 
+ Formerly Research Engineer, Battelle 


Memorial Institute; presently Assistant Pro- 
fessor of Metallurgy, University of Pennsyl- 
vania. 

4-7 References are at the end of the paper. 


For general use, however, there is no 
guarantee that the error caused by incom- 
plete extraction is constant; hence, the 
more laborious but more reliable high-tem- 
perature process must be used. At high 
temperature, an original flash evolution, 
similar to that at lower temperature, is first 
observed. After not more than an hour, the 
flash subsides and evolution settles down 
to a regular first-order reaction rate for 
which the half-life* is usually of the order 
of a few hours for the 5¢-in. diam cylinder 
at roso°C. The regular evolution may be 
followed for whatever period appears justi- 
fied, after which the residual gas may be 
estimated as equal to that which was 
evolved in the last observed half-life period. 
Tests have shown that the composition of 


‘the evolved gas does not vary greatly 


during the progress of evolution; therefore 
the residual gas may safely be taken to have 
the same composition as the portion col- 


* A ‘‘first order’’ reaction is one in which the 
amount of reaction taking place at a given 
instant is directly proportional to the amount 
of a single reactant which still remains. This 
is the characteristic order of radioactive de- 
composition, photographic exposure, and many 
chemical decomposition processes. If the 
logarithms of the measured reaction rates are 
plotted against the times at which the rates are 
measured, a straight line results. This line 
slopes downward in such a way that the time 
necessary for the rate to fall from any value to- 
a value just half as great is a constant, known 
as the ‘‘half-life of the reaction.’’ While the 
reaction, therefore, never reaches a final 
termination, the amount of reaction yet to take 
place in all remaining infinite time is exactly 
the same as the amount which did take place 
in the last half-life period just prior to the final 
direct observation. The percentage of the 
process yet to be completed is thus 50, 25, 12.5, 
6.3, 3-1, 1.6, 0.78, 0.39, 0.20, and 0.098 after 1 
to 10 half-lives, respectively. A first-order 
process is technically complete after 5 half- 
lives, essentially complete after 744, and 
scientifically finished after 10 periods, 
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lected. With the current practice of allow- 
ing 40 hr for evolution, about 5 half-lives 
are usually covered; hence, over 96 pct of 
the gas is collected and the residual correc- 


tion is usually within the limits of accuracy 
of the subsequent Orsat analysis. 

The writers have made no attempt to 
justify this analytical method for routine 
commercial control or to adapt the method 
for such purposes, since they believe that 
some time must yet be spent on research 
analyses before sufficient quantitative in- 
formation wil] be available to justify an 
attempt to apply routine controls to hydro- 
gen in steel. 


APPARATUS 


The apparatus to be described was de- 
signed in June of 1944 and first operated in 
November of the same year. 

A general view of the apparatus is shown 
in the photograph (Fig 1). The frame holds 
six evolution units which operate independ- 
ently, together with one diffusion pump 
backed by a double-stage Toeppler pump 
to collect the gas for transfer to the Orsat 
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equipment, one diffusion pump for pre- 
liminary exhaustion of the apparatus, and 
mechanical pumps to back this diffusion 
pump and to operate the Toeppler pumps 


and mercury seals. All operations are con- 
trolled by small solenoid needle valves 
mounted on the low vacuum and air mani- 
folds in the lower part of the frame. The 
equipment is demountable in sections as: 
furnace units, pumping and measuring 
units, and connecting manifolds. All con- 
nections in the parts of the system carrying 
analytical gas are by welded glass seals 
which are placed in such a way that they 
can be easily cut open to remove units for 
repair if necessary. All closures in the 
analytical system are by means of mercury 
Y-seals, thus preventing all possibility of 
the stopcock leakage which so commonly 
acts as one source of large blanks. 

All operations are controlled by switches 
and relays located on the larger of the two 
control panels. This equipment. is also 
assembled in units on removable panels to 
allow removal for repairs when necessary. 
In general, the switches allow for manual 
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operation of the pumps and seals, while the 
automatic operation of the pumps is han- 
dled by relays; which are, in turn, locked to 
the 12-pt Micromax controller-recorder by 
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a bank of synchronizing relays. The various 
switches and relays are interwired in such a 
way as to lock the operations and prevent 
almost all types of incorrect operation. The 
temperature control apparatus is located 
on the panel below the Micromax, and is 
of the type where variacs are switched 
between the high and low scales to allow 
for the time lapse between corrections on 
the multiple-station controller. The wiring 
system will not be described in detail in 
this report* since it should be modified 
to fit particular components available, but 
sufficient details of an evolution unit will 
be given to show the operation and permit 


duplication of the method. A simplified 


diagram is shown in Fig 2. 


* Wiring diagrams are available at Battelle 
Memorial Institute to anyone wishing to 
duplicate the equipment. 


EvoLurion UNIT 


The evolution unit consists of a dis- 
torted T-shaped assembly of tubing be- 
tween 25 and 32 mm in diam. The furnace 


<j 


TO CONTROL SYSTEM 
(Mg SEALS) 


section and cold head are made from clear 
fused quartz which is sealed directly to the 
loading tube, or riser, made from an 82-cm 
length of Vycor glass. A short length of 
ro-mm quartz tubing is connected into the 
cold arm of the T, and terminates in a 
graded quartz-to-pyrex seal for connection 
to the pumping unit. 

The evolution unit is mounted with the 
head in the vertical center of the apparatus 


_ and the loading tube projecting downward 


into a glass-lined mercury trough which 
rests on the bottom frame of the apparatus. 
The furnace arm of the T then slopes down 
at an angle (29°) which is just sufficient to 
allow a steel sample to slide down into the 
furnace without cracking the closed lower 
end of the tube. The furnace slides on a 


. 
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track inclined at the same angle which per- . | 


mits the furnace to be lowered at the end of 
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a run and the sample to be retrieved with a 
magnet. The furnace itself is a simple wire- 
wound unit consisting of a single layer of 
Kanthal wire on an alumdum core, 
mounted between Transite end plates in a 
metal cylinder. Insulation is obtained by 
packing the space between core and shell 
with diatomaceous earth. Chromel wind- 
ings may be used if the maximum tempera- 
ture is restricted to about 1ooo°C instead 
of 1050°C., 


Pumping and Measuring Unit 


The gases evolved in the furnace are col- 
lected by an automatic Toeppler pump and 
transferred to a bulb and attached manom- 
eter having a total volume of about 76 cc. 
The pump is of the Tamman style, with a 
by-pass inlet tube which restricts splashing 
under high inlet pressure to the few cubic 
centimeters of mercury in the by-pass. This 
type of pump does not require mounting on 
an angle and is, therefore, more easily sup- 
ported than the sloping bulb type. The 
mercury for the stroke is supplied from a 
second bulb to which connection is made by 
a small-diameter U-tube running down to 
the base of the apparatus. This U-tube 
prevents blowing back into the supply bulb 
when air is admitted to the apparatus. The 
same provision is used on all pumps and on 


the mercury Y-seals between units and 


manifolds. The supply bulb is heated by a 
100-w chromel and asbestos blanket which 
maintains the mercury at about 50 to 60°C 
and prevents condensation of traces of 
water vapor on the walls of the pump. It is 
found that heating the Toeppler pumps is a 
considerable aid to smooth operation, even 
when the system may be presumed to be 
completely dry. : 

The Toeppler pump discharges through a 
capillary outlet which is submerged about 
18 cm in mercury in an outer tube about 14 
mm in diam. On the up stroke, the mercury 
rises to fill this tube and to complete an 
electrical connection at the point where a 


wire lead is indicated in the diagram. This 
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connection trips the relay which operates a 
solenoid valve to connect the supply bulb 
to the operating vacuum line, thus return- 
ing the mercury in the pump to the supply 
bulb for the next stroke. At the same time, 
the mercury in the outlet seal drains back 
to a point level with the top of the pump, 
less whatever pressure has been accumu- 
lated in the measuring section. Thus no 
mercury is lost in the stroke and the pump 
never needs to be stopped to return mer- 
cury to the supply bulb. 

In the measuring section, the collected 
gas is confined by five mercury surfaces, 
first in the outlet seal just described, sec- 
ondly by the mercury in the manometer, 
and finally by the three columns of mercury 
in the three Y-seals. The volume on which 
the pressure is observed thus varies with 
the pressure. Calibration is therefore made 
by admitting successive known volumes of 
gas and observing the pressure after each 
addition and from these observations con- 
structing a true pressure-volume curve 
which is appreciably nonlinear. 

The measuring system is closed from the 
air, vacuum, and sampling manifolds by 
the three mercury Y-seals, each a little 
more than 76 cm in length. Details of the 
supply bulbs to these seals are not shown 
in the diagram. The tail of each seal goes 
down to the base of the apparatus and then 
returns to a mercury supply connected to a 
valve on the working vacuum line, for 
opening, and to a slow leak to the atmos- 
phere, for closing. Since the mercury in the 
seals must move more than 76 cm and it is 
not safe to use a pressure of air above 1 atm 
to keep the seals closed, the supply bulbs 
are in the form of pressure amplifiers in 
which a sudden change of pressure first 
moves a portion of the mercury from one 
bulb to another and subsequently reacts di- 
rectly on the remaining mercury to move 
the seal. A total motion of 92 cm is thus 
obtained from a 74-cm differential in the 
operating manifolds. 

It may be obvious that the repeated 
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operation of the mercury seals, together 
with some splashing which occurs when the 
seals are opened with more than a few 
centimeters pressure differential, results in 
varying the quantity of mercury in the 
sealing system. Therefore it is arranged 
that there is a splash bulb between each 
seal and the manifold so that mercury 
splashed outward will return to the seal, 
On the inward side, the splashed mercury 
drains into the Toeppler pump. By placing 
the inner connection at a level of about 78 
cm above the center line, the Toeppler, on 
manual operation, rises almost to the point 
where the mercury in the seals and pump 
will flow together. An aspirator bulb on the 
inlet to the air manifold gives a convenient 
means of momentarily increasing the appar- 
ent atmospheric pressure, which causes the 
Toeppler pump to overflow and refill 
the Y-seals to the original level at which 
the volume calibration was made. This 
operation is regularly performed at the 
start of every run. 


Collecting System 


One of the mercury Y-seals of each evolu- 
tion unit connects to a sampling manifold 
which leads to a collecting pump. Since it is 
not desirable to use pressures above 1 atm 
for operation, this pump takes the form of a 
double-stage Toeppler. Two pumping bulbs 
are used of which the first is considerably 
larger than the second to allow for the 
different operating pressure. The pumping 
bulbs are supplied from two similar supply 
bulbs which are filled to the center line of 
the apparatus. The first-stage pumping 
bulb is, therefore, above its supply bulb and 
will collect from a manifold which goes 
down to infinitesimal pressure, while the 
second-stage pump bulb is below its supply 
and will deliver at more than 1 atm. A test 
tube originally filled with mercury is placed 
over the outlet of the second stage ,in the 
collecting trough at the bottom level and 
receives the gas for transfer to the Orsat 
equipment. 
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Since the sampling manifold has a con- 
siderable volume and is, in addition, directly 
connected to six splash bulbs of compara- 
tively large volume, it has been found 
advisable to increase the pumping speed by 
the insertion of a two-stage diffusion pump 
between the sampling manifold and the 
Toeppler pump. This would not be essential 
with a smaller number of units. 

In operation of the two-stage Toeppler 
pump, starting with both supply bulbs full, 
the first-stage pump chamber empty, and 
the second-stage chamber full, gas flows 
from the manifold to fill the first chamber. 
Air is admitted to the first supply bulb, 
allowing mercury to rise in the first pump 
bulb and push its contents through the 
capillary connection into the second-stage 
chamber, which is at about 14 atm. Air is 
then admitted to the second supply bulb, 
increasing the pressure in the second pump 
bulb to 114 atm and forcing the gas out the 
discharge capillary to the test tube. The 
second supply bulb is then evacuated and 
the lost mercury is replaced by draining 
from the first stage. When the second sup- 
ply bulb is refilled, the first supply bulb is 
evacuated, opening the first-stage pump 
bulb for the next cycle. The lost mercury is 
replaced from the discharge trough by way 
of the-return tube which enters the first 
supply bulb at the level to which it is to be 
filled. 


Orsat Analysis 


The tube of collected gas is transferred 
to the inlet trough of the Orsat apparatus 
by means of a dipper. All gas samples are 
analyzed as the proportion of hydrogen in 
the collected gas cannot be predicted. At 
present standard Burrell equipment is in 
use and is sufficiently precise for ordinary 
problems. However, this equipment is the 
most important limitation in final accu- 
racy; hence, a more precise version of the 
Orsat apparatus is being developed. The 
principal modifications found necessary in 
the more precise Orsat are substitution of a 
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25-cc and a 5-cc burette for the standard 
roo-cc unit and extension of the Petersen 
compensator to allow for changes in mani- 
fold temperature. The burettes are con- 
nected to a two-way stopcock so that either 
may be used at will. The compensator has a 


- capillary extension to form a dummy mani- 


fold and small bulbs extending into the 
combustion furnaces and water absorption 
unit. An oil manometer has been substi- 
tuted for the usual mercury manometer. 
Manifold tubing was reduced to 1 mm id 
and connected entirely by ground glass 
ball joints. The unit is operated dry and 
water determined by freezing in a U-tube 
immersed in dry ice mush. Motorized oper- 
ation of the mercury leveling bulbs has 
been provided in order that a few cubic 
centimeters of gas may be passed through 
the reagents at a slow and uniform rate. 


METHOD OF OPERATION 


Samples 


The preferred sample is approximately 
so g of steel in a single piece, with the pre- 
ferred form being a cylinder 5¢ in. in diam 
and 114 in. long. Most samples run have 
been of two origins. For sampling liquid steel 
from the furnace or ladle, a split copper 
mold is used which forms the sample 
cylinder below a conical head which weighs 
about 1 Ib. A diagram of this mold is shown 
in Fig 3. The sample is separated from the 
head by a ceramic disk, or “Washburn 


Core” having a central hole about 346 in. 
in diam. When removed from the mold, 


the sample is easily broken or cut from the 
head so that it can be placed in a storage 
tube. The liquid steel is normally trans- 
ferred to the mold with a thoroughly 
heated and slagged spoon. Aluminum is 
added to the sample as quickly as possible 
after drawing from the furnace to prevent 
the sweeping action of CO evolution from 
carrying out the hydrogen. The time the 
sample cools in the chill mold is held as 
close as possible to 3 min, The apparent 
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loss of hydrogen in the sampling process is 
not over o.o1 relative volume or 0.cooo1 
wt pct when the operation is correctly 
performed. 

Other samples are taken by rough ma- 
chining out of various solid bars or other 
specimens. It is preferred that the original 
piece be not held for any appreciable period 
in sections of less than 1-in. diam and that 
the machining be finished as quickly as 
possible once it has been started. If sam- 
ples are stored over mercury within 1 hr of 
the start of machining, the loss of hydrogen 
does not appear to. be a controlling error. 
Machined samples are washed with carbon 
tetrachloride before storing to ‘remove hy- 
drogen-bearing oils and dirt. 

All samples are stored in glass tubes orig- 
inally filled with mercury and inverted in 
troughs. This type of storage is essential, 
since in many cases it is observed that up 
to 50 pct of the hydrogen is evolved at 
room temperature in the few days which 
may elapse before analysis can be made. 
No ferritic sample has ever failed to evolve. 
a measurable portion of hydrogen at room 
temperature. 

While machined samples can be trans- 
ferred directly from the storage tubes to the 
apparatus, cast samples require cleaning to 
remove surface oxide unless one is willing 
to allow a very large proportion of CO in 
the evolved gas and to allow for the conver- 
sion of a significant portion of the hydrogen 
content into water vapor. Cast samples are 
therefore stored for at least a week to allow 
room-temperature evolution to drop to a 
slow rate. The steel is then separated from 
the evolved gas in a mercury trough by 
pouring the gas upward into an Orsat tube 
through a funnel too small in diameter to 
pass the steel sample. The gas may be 
poured directly into the extraction appa- 
ratus if desired but is usually analyzed 
separately unless quite small in volume. 
The steel piece is then sandblasted and the 
dust removed with an air jet before the 
steel is introduced into the evolution appa- 
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ratus. A wash in carbon tetrachloride is 
used if any oil or grease is suspected on the 
sample. 


Extraction 


The extraction unit will have been 
blanked out previously overnight with the 


pumped off with the unit Toeppler and its 


volume read on the manometer. 

While the free gas is being pumped off, 
the steel sample is raised with a small 
electromagnet and balanced on the short 
horizontal section of the T-head between 
the loading tube and the sloping furnace 


STEEL SHOE 


Fic 3—SPLIT COPPER MOLD FOR MAKING CAST STEEL SAMPLES FOR GAS ANALYSIS. 
Steel Guide on Back and Handles Not Illustrated. 


furnace in place and ‘at the temperature 
of the run, or will have been used for a 
previous analysis. Gas pressure in the ex- 
traction unit will be of the order of 1o~® 
mm, or low enough that it will not support 
a slow discharge from a 20,000-volt leak- 
testing coil. The Y-seals will be closed and 
filled to the proper level. The storage tube 
containing the sample, sometimes with gas 
evolved at room temperature, is transferred 
to the loading trough in a small dipper 
filled with mercury. The storage tube is 
then inverted under the funnel at the 
bottom of the mercury-filled riser, or load- 
ing tube. The sample and bubble of evolved 
gas rise to the top of the mercury column 
at the head of the T. The free gas is then 


portion. At the time desired for the start 


of the run, the sample is easily shoved off 3 


with a small magnet and slides down the 
inclined tube into the hot zone of the fur- 
nace. Nonmagnetic samples are handled in 
the same manner by the expedient of first 
crimping them into a thin tube of ordinary 
steel which has previously been degassed 
in the same apparatus. 

Extraction may be conducted at any 
temperature and for any time desired but 
has been mainly standardized at approxi- 
mately 40 hr at 1o50°C or 1925°F. This is 
the highest temperature at which good life 
can be obtained from the furnaces and 
quartz tubes. 

During the extraction the manometer is 
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read from time to time and the results 


recorded to permit construction of an evo- 


lution curve. If the curve itself is a desired 
result, readings may be as frequent as de- 
sired. For checking the analytical evolu- 
tion, about ro to 12 readings, more or less 
logarithmically spaced, over the 4o-hr pe- 
riod will be found sufficient since a high 
degree of accuracy is not necessary for a 
small correction... 

At the end of the extraction run the fur- 
nace is turned down and slid to the lower 
end of its track. The gas sample is pumped 
out to the Orsat tube with the collecting 
pumps, which requires only 15 min. with 
the aid of the diffusion pump booster. The 
steel has meanwhile cooled and its mag- 
netic properties have returned; hence the 
sample can be picked up with the electro- 
magnet and worked up the sloping furnace 
tube to the T-head. The exhausted sample 
is stored in the cold portion of the head on 
the opposite side of the loading tube from 
the furnace section. The head on the pres- 


- ent apparatus holds three exhausted sam- 


ples. This is sufficient for one week of 
operation but can easily be enlarged if 
desired. The apparatus is ready for a new 
run after the furnace has been returned to 
working position and reheated to the cor- 
rect temperature. 

Samples are eventually removed by 
floating on the mercury in the loading tube 
and then admitting air to the unit, allowing 
the mercury to drop back to the trough 
level. The samples are retrieved from the 
lower end of the loading tube with a per- 
manent magnet or with an iron wire hook. 
Since samples are not weighed until after 
removal from the apparatus, it is not de- 
sirable to accumulate them over too long a 
period before airing up the apparatus for 
their removal. It is important that the 
furnaces always be down and the evolution 
tubes cold before admitting air, since the 
films of evaporated metal which deposit on 
the quartz are damaging to the glass and 
may cause loss of analytical hydrogen by 


- 
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conversion to water if they are allowed to 
become oxidized. In case of accidental oxi- 
dation of the film, the unit must be re- 
moved and cleaned with acid before the 
metal oxides have an opportunity to diffuse 
into the quartz glass. 


Recording 


Two types of recording manometers have 
been used. The first consisted of two fine 
chromel wires stretched in the arms of the 
manometers and wired as two arms of a 
Wheatstone bridge whose outbalance volt- 
age was recorded by the Micromax. This 
manometer was quite accurate when new 
but within about 60 days serious contam- 
ination of the chromel surface appeared 
and the readings became erratic because of 
incomplete contact of the mercury with the 
wire. 

A newer manometer is of the capacitive 
type in which the outside of the vacuum 
leg is plated with metal which acts as one 
plate of a condenser whose other plate is 
the mercury within the manometer tube.® 
This condenser controls a radio frequency 
oscillator whose pitch thus varies directly 
with the pressure. As a transmitter to be 
read with a receiver or frequency meter, 
this system is highly stable and reliable. 
For automatic recording on the Micromax, 
the frequency is interpreted by a frequency- 
modulation receiver to give a millivolt 
output. This equipment is reliable for rea- 
sonably large pressure differences but is still 
undergoing development and therefore will 
not be further described at this time. 

Direct checks of recorded pressures are 
made with millimeter scales mounted be- 
side the manometers. 


INTERPRETATION OF RESULTS 


Pressure and volume readings from the 
evolution apparatus are used primarily in 
checking the completion of evolution and 
in measuring blanks which are too small to 
be read on the Orsat. Orsat readings are 
used for final analytical results. The ana- 
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lyzed volumes for gas removed at room 
temperature and for gas extracted at high 
temperature are added. A blank value may 
be subtracted when necessary but will nor- 
mally be of the order of 10—‘ cc or less and, 
hence, insignificant. If the hydrogen a- 
mounts to o.10 relative volume or more 
(0.0001 wt pet), or the time has been short, 
or the rate of evolution unusually slow, an 
allowance for gas not extracted should be 
made equal to the amount extracted in the 
last observed half-life. This allowance is 
usually insignificant relative to Orsat errors 
when the hydrogen is low and the time of 
extraction long. 

The weight of the sample of steel will 
have been determined after extraction and 
the theoretical volume calculated. The 
measured volumes of the collected gases are 
reduced to relative volumes and weight pct 
by the usual processes of arithmetic. 

The evolved gases are principally CO, 


No, and hydrogen. The CO value does not. 


represent the total oxygen in the steel as 
that portion killed with aluminum is not 
evolved. Iron oxide apparently is com- 
pletely decomposed but the exact behavior 
of intermediate oxides has not been deter- 
mined. The evolved nitrogen is a portion 
of the total, dependent on the amount of 
nitride-forming elements present and appar- 
ently also on the amount of oxygen. Iron 
nitride, if present, appears to be decom- 
posed while aluminum nitride is stable at 
the temperature used except, possibly, in 
the presence of excess oxygen. 

The evolved hydrogen appears to repre- 
sent a total analysis except in cases where 
a large excess of oxygen is present and some 
hydrogen is lost by conversion to water. In 
these cases CO, also appears in the evolved 
gases and the water fraction can be roughly 


estimated from known equilibrium data. 


Checks have been made by use of a cold 
trap between the furnace and unit Toeppler 
pump and have shown that the water 
error, while detectable, is not significant in 
most cases. Water cannot be handled on the 


standard Orsat but is being included on the 
special Orsat now being developed. 


ACCURACY AND PRECISION 


While the accuracy and precision of this 
method is being considered in a separate 
publication,’ it may be said at this point 
that when good duplicate samples have 
been obtained, the tests run have given 
satisfactory evidence that the Orsat appa- 
ratus is, at present, the primary controlling 
factor. The standard Orsat apparatus 
allows a precision, probable error of +0.004 
relative volume or +0.0000044 wt pct ona 
50-g steel sample. 

Considerable difficulty is experienced in 
duplicating samples but in a large propor- 
tion of such cases it has been possible to 
establish that the samples were not entirely 
identical. The error in taking samples from 
liquid baths is larger than the precision of 
analysis under controlled conditions (about 
+o.o1 relative volume) and may become > 
very large with careless sampling. Within 
massive steel pieces, the distribution of * 
hydrogen is highly nonuniform and samples 
separated by no more than their own di- 
mensions will often show real differences 
several times the probable analytical error. 
The probable error in absolute accuracy, as 
judged by comparison with modified vac- 
uum fusion, is not greater than the normal 
precision limit in duplication. 

Several hundred samples have been run 
in the apparatus on various research pro- 
grams and good correlation has been found 
between hydrogen content and history and 
various physical properties. While these 
correlations are far from perfect, it is be- 
lieved that they are as good as can rea- 
sonably be expected in the light of the 
numerous other incompletely controlled 
variables which are unavoidably present in 
any work on commercial steel. 


SUMMARY AND CONCLUSION 


This paper is presented to show the gen- 
eral construction and operation of appa- 
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ratus developed at Battelle Memorial 
Institute for the quantitative hot extrac- 
tion of hydrogen from steel for analytical 
purposes. Tests of the accuracy and preci- 
sion of the method and descriptions of use- 
ful results obtained are to be found in other 
places.t~3 

Apparatus is described for conducting 
hot extraction of steel in a high vacuum 
up to 1os0°C (1925°F) for periods of 4o 
hr or more. The system used is com- 
pletely sealed in glass, has no stopcocks, 
and permits introduction of the sample 
after blanking out the apparatus. This 
method gives working blanks sufficiently 
small to be ignored. Except for loading 
samples, operation is entirely automatic. 
Periodic readings of the evolved gas are 


made, but equipment is under develop-. 


ment for the automatic recording of such 
readings. 

The accuracy of the results obtained is 
entirely controlled by errors in sampling 
methods and in analysis of the evolved gas, 
since the evolution apparatus is currently 
more precise than available associated 
equipment. 

Evidence has been found that the method 
is essentially reliable in estimating the total 
hydrogen content of steel and that it can 
be operated regularly with sufficient pre- 
cision for practical research problems. 
Several common sources of error have been 
evaluated and methods found either for 
their elimination or for calculation of their 


effect. 
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+» DISCUSSION 
(J.G. Thompson and S. Marshall presiding) 


P. P. Krnc*—What precautions are taken 
after the sample is cast up until the time it 
arrives in the testing apparatus. How is the 
sample protected so that it does not lose gas? 


G. A. Moore (authors’ reply)—The protec- 
tion of the sample between casting and analysis 
has proven to be very critical. We have never 
encountered a sample which failed to show 
evolution of gas at room temperature between 
the time of preparation and the time of analy- 
sis. We collect this gas by using a carrier which 
consists of a trough and frame holding 12 short 
test tubes full of mercury, inverted so their 
ends are under mercury surface. All samples 
are put into individual test tubes as soon as 
they are prepared. They are held there until 
they are almost ready for analysis. Machined 
samples can go into the apparatus directly, 
together with the bubble of gas. Cast samples 
are separated from the bubble by pouring the 
gas through a funnel into another test tube, 
and then taking the sample out and cleaning it 
by sand blasting. ‘We blow off the dust, but we 
do not ordinarily wash the sample. The gas 
which is evolved at room temperature will vary 
from perhaps ro pct of the total to so pct— 
sometimes more. 


J. C. Lewis{—I would like to ask if there is 
any loss of hydrogen from the time when the 
sample is put in the apparatus until it is run. 
Obviously, from what you have said about 
evolution of gas at room temperature, such 
would occur, and I wonder if there is any blank 
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correction or any correction necessary if run- 
ning of the sample is delayed for, say, 12 hr or 


so. 


G. A. Moorr—If the sample sits under 
vacuum there is a very decided evolution in 
almost all cases. No correction is necessary, 
however, as the apparatus has already been 
blanked and exhausted and that gas which 
evolves into the apparatus is included in the 
analysis. 


J. B. Austin*—Were these determinations 
made by the warm extraction method, or by 
the combustion method? 


G. A. MoorE—We have abandoned the com- 
bustion method because no one could supply us 
with refractories to hold the burning iron. 

We usually make the distinction of calling 
our method a hot extraction. ‘Warm extrac- 
tion” is used to apply to 6 hr at 650°C so we 
like a different word. . 


J. B. Austin—The object of my question 
was to find out the status of the combustion 
method you described in 1945. Do you believe 
you are getting enough of the gas out to make 
your measurements reliable? Also, what is your 
time of extraction? 


G. A. Moore—The normal time of extrac- 
tion is 40 hr. The normal elimination of hydro- 
gen is 96 pct and up. We have applied a few 
tests to residual samples to see if we could find 
hydrogen that was not accounted for by the 
evolution law, and so far nothing has been 
found. 


P. P. Kinc—Is there any possibility that the 
deoxidation of the samples with aluminum 
causes any evolution of gas which might lend 
inaccuracies to the determination? 


G. A. Moorr—We use considerably more 
aluminum than would be applied to the deoxi- 
dation of the ladle steel, and it is dead-killed 
immediately. If you allow the sample to cool 
without the aluminum it will boil and gas will 
be lost. We have found that by differences 
between samples. 

In cases of direct pouring, we have never 
found that the aluminum had any effect on the 


*U.S. Steel Research Laboratory. 


analysis. We have poured some steels which —- 


were high in silicon which could be cast without 
the aluminum, and poured others into molds 
containing aluminum and found the same 
analysis. 


R. W. Gurry*—In work at our laboratory, 
we found that there is always a certain amount 
of adsorbed moisture carried into the apparatus 
with the sample. I would like to know what 
happens to that moisture. We have found that 
at elevated temperature the moisture is likely 
to show up as hydrogen. 

Would you care to comment on this, Dr. 
Moore? 


G. A. Moore—When surface oxide which 
may be formed on the cast sample is eliminated, 
we have negligible moisture in the evolved gas. 
It is, of course, impossible to take a cast sample, 
clean it, and transfer it to the apparatus with- 
out exposing it to air. All I can say is, with 
careless handling and damp hands the error 
can be very large, but we have transferred very 
thoroughly aged samples and obtained nil hy- 
drogen in the analysis. So, the error due to 
absorption of air on the surface is very small 
when the sample is handled with care. 


R. W. Gurry—I would say further that in 
our laboratory we have found that if we expose 
an extracted sample to air even momentarily, 
the adsorption of moisture upon the steel is 
sufficient to again show up upon analysis to a 
considerable degree, and I think perhaps some 
such tests should be made. 


G. A. Moorr—Whiat is the surface to volume 
ratio or the general size of your sample? 


R. W. Gurry—We have used cylinders of 
about 4-in. diam. 


G. A. MoorE—We have not re-run exhausted 
samples in the same apparatus. 
samples have been taken out and put in con- 
tainers and re-run by combustion and have 
shown hydrogen out in decimal places beyond 
those of current interest. The specific test of 
taking the sample out for a specific time and 
putting it back has not been done for this 
apparatus. We have shown the effect for other 
methods. 


* U.S. Steel Corporation, 
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P. H. Brace*—In the course of vac- 
uum melting work with several different 


a metals I have had the experience of melting 


under high-purity hydrogen at a pressure of a 
few centimeters of mercury and obtaining clean, 


clear fusions that would lie quietly in the fur- 


nace under a good vacuum, and, upon freezing, 


_ observing violent evolutions of gas, presumably 
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hydrogen. In some cases it was necessary to 
follow the hydrogen-melt by two or three 
cycles of vacuum melting and freezing in order 
to obtain metal that would freeze in the furnace 
without some evidence of ‘‘blow.” 

Now, if there is so much difficulty in remov- 
ing hydrogen from the molten metal is it cer- 
tain that it can be reduced to a negligible 
amount by vacuum treatment in the solid 


~ state? 
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G. A. Moore—The problem of evolution 
from a liquid state has worried everyone who 
has worked with hydrogen analysis. That is one 
of the reasons that we adopted this method. I 
believe that Dr. Derge will agree with me when 
I say that the evolution in the vacuum fusion 
method is complete only provided the sample 
is boiled in the apparatus. Apparently, if you 
boil under a high vacuum you overcome the 
surface tension or other factors which other- 
wise are holding the gas in the liquid. 

In our case, the existence of the fitst order 
reaction is strong evidence that if you wait long 
enough you will get all the hydrogen out. We 
are, of course, dependent for proof on the fact 
that once the sample has been thoroughly ex- 
hausted by hot extraction it has been impossi- 
ble to find any more hydrogen by other 
methods. 


A Quantitative Experimental Investigation of the Hydrogen and 
Nitrogen Contents of Steel during Commercial Melting 


By CLARENCE E. Sius,* Grorce A. Moore,t Members AIME, anp DONALD W. WILt1AMs, * 


(New York Meeting, February 1948) 


INTRODUCTION 


Durinc the past several years the steel 
casting industry has made studies of heavy 
castings in which the test bar has been 
taken from heavy sections rather than 
from attached or separately cast coupons. 
It has been noted that the ductility prop- 
erties of these heavy sections are often 
lower than those normally expected. Such 
lowered ductility is usually accompanied by 
a spotty test bar fracture and the ductility 
values often can be greatly improved if a 
low-temperature aging treatment is given 
to the casting. A loss of ductility of this 
type is considered ‘‘abnormal,” since it is 
not accompanied by an increase of tensile 
strength or hardness, and ‘‘temporary”’ 
when the ductility can be restored by aging. 
The cure of such an abnormal condition 
represents a real improvement in the qual- 
ity of the steel. 

Some hundreds of previous investiga- 
tions, largely qualitative in nature, have 
established beyond reasonable doubt that 
hydrogen is normally present in newly 
manufactured steel and that this gas, in 
small amounts, can cause a temporary ab- 

This article sets forth the results of research 
conducted by Battelle Memorial Institute and 
supported by the Steel Founders’ Society of 
America. Copyright, 1947, by the Steel 
Founders’ Society of America. Manuscript re- 
ceived at the office of the Institute Dec. 22, 1947. 
Issued as TP 2347 in MrTALs TECHNOLOGY, 
Feb. 1948 and in Proc. Elec. Furn, Steel Conf., 


1947- 
* Assistant Director and Research Engineer, 


respectively, Battelle Memorial Institute, 
Columbus, Ohio. 
+ Formerly Research Engineer, Battelle 


Memorial Institute; presently Assistant Pro- 
fessor of Metallurgy, University of Pennsyl- 
vania. 


normal loss of ductility. The commonly ob- 
served association of high gas content and 
low ductility has given strong evidence for 
the presumption that hydrogen, possibly 
assisted by other gases, is the primary cause 
of the low ductility observed. Accordingly, 
the Steel Founders’ Society of America has, 
since Nov. 1, 1944, sponsored investigations 
at Battelle Memorial Institute whose pri- 
mary objective is to obtain quantitative 
information on the relation of the amount 
of hydrogen and nitrogen in steel, together 
with associated methods of steelmaking and 
treatment, to low-ductility effects and 
porosity. 

In order that these investigations might 
proceed on a quantitative basis, hydrogen 
analyses of a precision considerably higher 
than any previously reported in the litera- 
ture were necessary. The method chosen 
was selected entirely on the basis that it 
had the highest probability of freedom from 
uncontrollable errors and will be described 
in detail in another publication.’ Briefly, 
the method used consisted of the hot ex- 
traction of solid pieces of steel weighing 
from 45 to 50 g in a highly evacuated 
quartz tube maintained at 1050°C (1925°F) 
for a period of approximately 40 hr. The 
greatest precautions were taken to elim- 
inate blanks and insure a sound gas-collec- 
tion system. Vacuum and temperature 
conditions were maintained automatically. 
Mercury-filled risers were used for the 
introduction of samples in order that the 
system could be degassed thoroughly in 


1 References are at the end of the paper. 
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advance and samples introduced without 
contamination of the system with air. From 
periodic records of the amount of gas 
evolved, an allowance, about 3 pct, was 
normally made for the residual hydrogen at 
the end of the extraction process. For the 
determination of the gas content of liquid 
steel, chill-cast cylinders of 5g-in. diam and 
1.25-in. length were made in copper moids. 
The mold provides a feeder head of about 
1-lb capacity, separated from the sample by 
a pierced ceramic disk or ‘Washburn 
Core” in order that a rapidly cooled sound 
sample be obtained under all normal condi- 
tions. Samples were removed from the mold 
and broken or cut from the head and stored 
in closed tubes over mercury, pending anal- 
ysis. The time before storage was generally 
approximately 3 min. and the time until the 
first appearance of a gas bubble usually 
about 10 min. The precaution of storing 
over mercury proved essential in all cases, 
not only of cast samples but of similar 
pieces turned or sawed from castings after 
additional treatment. Reported analyses 
include the hydrogen evolved both at room 
and elevated temperature, together with 
the small residual allowance previously 
mentioned. 

In all discussions and plots in this work, 
hydrogen analyses are given in ‘“relative 
volumes”? (RV) in which one RV repre- 
sents an amount of hydrogen which, when 
measured at o°C (32°F) and standard 
atmospheric pressure, would occupy the 
same space as the amount of steel analyzed 
when in a form free of porosity. This unit 
is most convenient since it is the one most 
easily visualized, is independent of the 
system of measurement, and resulting fig- 
ures are of convenient magnitude. Conver- 
sion factors for considering other reports 
are: 


0.001 wt pet = 0.874 RV 
t RV = 0.00114 wt pet 


1.0 cc per 100 g = 0.0786 RV 


1 RV = 12.72 cc per 100 g / 


a 


261 


The precision of the analytical method 
used, when starting with actually identical 
solid samples, has been established to be 
the precision of the analysis of the evolved 
gas, which is +o0.004 RV. The precision for 
liquid samples apparently is nearly as good 
under ideal sampling conditions, but for 
firnace samples taken with a slagged spoon 
and killed with aluminum and poured as 
rapidly as possible, an average error of 
+o.or RV must be allowed. Checks of ac- 
curacy by comparison with other methods, 
which will be published elsewhere, indicate 
that the analyses obtained are probably 
within 0.01 RV of the truth. 

The work to be presented here is in two 
sections. Section 1 will give a brief resume 
of some of the more impressive publications 
on the same subject which have come to the 
writers’ attention during the period of the 
work. Section 2 will describe the behavior 
of twenty commercial heats of the four 
usual methods of making casting steels 
together with an analysis of the factors 
which affect the hydrogen content. Inas- 
much as the complete details of these ex- 
periments can not be encompassed within 
the limits of a single paper, only the most . 
instructive will be given in the paper proper 
while the more extensive details will be 
listed in an appendix which will be made 
available from Battelle Memorial Institute - 
in the form of Recordak film. 

Additional portions of the work, to be 
published at a later date, will show that the 
main adverse effects of hydrogen on duc- 
tility occur with amounts of hydrogen 
varying from 0.05 to 0.40 RV, with the 
effect varying with the structure and his- 
tory of the steel. It will also be shown that a 
considerable portion of the hydrogen pres- 
ent in the ladle may be evolved during the 
casting process, and that the adverse effect 
of the remaining hydrogen apparently can 
be eliminated completely by aging for a 
sufficient time at a moderate temperature. 
The amounts of hydrogen found to be 
present in commercial steel melting are thus 
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coincident with the amounts of most inter- 
est with respect to ductility. 
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SECTION I—ADDITIONS TO THE LITERATURE 


Since the manifestations of hydrogen in 
steel have attracted very wide interest and 
led to a vast number of discussions in all 

quarters, the writers make no pretense of 
having examined all such efforts. The liter- 
ature up to 1944 was examined in some de- 
tail in other publications of the writers.?~® 
It is necessary here to examine only a few 
publications of special interest which have 
recently come to the writers’ attention and 
to re-examine a few whose significance has 
only become apparent in the light of the 
experimental work. 

In recent publications, the most gener- 
ally accepted hypothesis for the behavior of 
hydrogen in steel has been outlined as fol- 
lows: The hydrogen contained within a 
piece of steel is normally in three portions; 
(x) that in true solution in the lattice; (2) 
a portion in excess of that which can be in 


true solution and which has precipitated 
and diffused into blowholes and other major 
openings; and (3) a portion which has been 
rapidly precipitated and has been unable 
to diffuse far from the point of precipita- 
tion. Of these, only the third portion is 
effective in altering such properties as the 
ductility; hence the effect of a specified 
amount of hydrogen will vary with the 
history of the steel. The adverse effect of 
the hydrogen arises from the fact that at 
low temperature the decomposition pres- 
sure of the solution reaches the same 
magnitude as the strength of the steel, thus 
forcing the precipitated gas into micro- 
scopic openings, within the grains, variously 
termed “rifts,” “lattice dislocations,” or 
“mosaic disjunctions.” The combined 
effect of the interruption of the lattice 
structure and the triaxial tensile stresses set 
up to balance the gas pressure effectively 
prevent the normal deformation processes. 

On the quantitative side, very little reli- 
able information has appeared either on 
the amount of hydrogen associated with 
lowered ductility or porosity or on the 


amount normally present in commercial _ 


steel. From equilibrium measurements of 
the amount of hydrogen dissolved at one 
atmosphere pressure, it was known that the 
amount of hydrogen which might be con- 
tained in liquid steel just prior to freezing 
is about 2.2 RV and the amount in solid 
steel just after freezing about 1.0 RV. From 
numerous qualitative tests it could be pre- 
sumed that the hydrogen content necessary 
to cause porosity might be of the same 
order. In austenite, the solubility decreases 
with temperature from 1.0 to 0.4 RV at the 
transformation, and there is evidence that 
steel saturated with hydrogen in this tem- 
perature range is subject to shatter crack- 
ing. The solubility in ferrite falls from 0.2 
RV just below the transition to unmeasur- 
able amounts below 350°C. Qualitative ex- 
periments have shown that steel saturated 
with hydrogen at and immediately below 
the transition showed markedly impaired 
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ductility. Actual analyses of hydrogen in 
either liquid or solid steel were apparently 
so variable as to shed practically no light 
on the amount normally present. The solu- 
bility of hydrogen in most alloying elements 
was known and there was some evidence 
that the solubility of hydrogen in alloy 
steels would usually be intermediate be- 
tween that in pure iron and that in the 
alloying element. It was believed that the 
hydrogen content of steel during manufac- 
ture might be anything up to around one 
relative volume and it was known that 
some portion of the original content nor- 
mally diffused away as the fresh steel aged. 
It was presumed that moisture in the 
furnace charge and moisture and hydrogen 
in the furnace gases were important sources 
of hydrogen and that the boil in the furnace 
and the rimming of ingots tended to reduce 
the amount of this gas. 

In the light of the measurements on com- 
mercial steelmaking to be reported in this 
paper, it should be noted that Kobayashi® 
found, by vacuum-extraction analysis, that 
the hydrogen content in the acid open 
hearth furnace decreased during the earlier 
portion of the oxidizing period but rose on 
killing and after tapping. No beneficial 
effect on hydrogen of oxidizing and boiling 
was found in the basic open hearth or arc 
furnaces although nitrogen decreased dur- 
ing the boil in each furnace. Hydrogen 
values at tap were 0.35 to 0.65 RV, which 
are somewhat higher than the writers’ 
findings for current American practice. 
Kobayashi related the hydrogen content to 
an equilibrium involving the He and H.O 
content of the slag and the FeO content of 


- the steel, but it does not appear that these 


analyses were certain enough to justify 
complete acceptance of such a relationship. 

Chuiko? found that, during rapid boiling, 
hydrogen was eliminated in proportion to 
the amount present, but that hydrogen was 
absorbed during a mild boil, i-e., when the 
carbon elimination rate was less than 0.1 
pet per hr. In the acid furnace, meltdown 
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hydrogens from 0.9 to 1.5 RV were reduced 
to 0.55 to 0.7 RV at the end of boiling. In 
the basic furnace the corresponding anal- 
yses were 1.8 RV reduced to 0.45 RV. If 
these analyses, by vacuum fusion, are reli- 
able, Russian steel contains a great deal 
more hydrogen than the current American 
product. Bulavkin and Katsen® have com- 
pared Russian basic open hearths of differ- 
ent bath depths and found the boil three 
times as effective in the shallower furnaces. 
Both of these observations support a 


. mechanistic control of hydrogen concentra- 


tion in preference to the physiochemical 
viewpoint of Kobayashi. 

Recent British experimenters use the 
chill-cast pencil sample, storage on dry ice, 
and warm extraction analysis as tested by 
Wells and Barraclouch,? who have estab- 
lished an accuracy of +0.05 RV. Sykes, 
Burton, and Gegg! thus find the average 
content of open-hearth steels at tap to be 
0.30 RV. Arc-furnace carbon steels average 
0.32 RV, while steels in the 3-5 pct alloy 
range show 0.37 to 0.62 RV of hydrogen. 
Several ‘“‘wild” heats of alloy steels gave 
hydrogen analyses from 0.7 to 1.3 RV. 
These investigators expected the hydrogen 
content to be lowered by boiling but did not 
detect the effect, apparently because they 
tried to correlate hydrogen with the length 
of the boil rather than with the intensity. 

To further complicate the effect of alloy 
additions, Hung, Bever, and Floe!! have 
found that the addition of silicon to molten 
iron decreases the hydrogen solubility, but 
Zapffe!? brings out the counter point that 
the addition of silicon, manganese, OF 
aluminum, by tending to react with the 
oxygen fraction of the atmospheric mois- 
ture, increases the effective solution poten- 


tial of the nascent hydrogen and thus acts 


to increase the actual amount of hydrogen 
dissolved. It has been pointed out that all 
three of these elements so completely dis- 
sociate water vapor that there should be no 
practical difference in their effect observa- 
ble in commercial practice. 


264 HYDROGEN AND NITROGEN CONTENTS OF STEEL DURING COMMERCIAL MELTING 


Segregation of hydrogen during freezing followed from meltdown to ladle in seven- 
was discussed by Larsen! but was not de- __ teen heats. Of these heats, six are acid arc, 
tected by Sykes et al!° since no tests were _ five basic arc, two acid open hearth, and 
made near the surface of their ingots. four basic open hearth. Two additional 


TABLE 1—Summary of Hydrogen Content of Commercial Heats 


Active Period Analyses 
He Rise 
i Type Rate Rate Hydrogen (RV) at Ladle 
; C Drop, H2 Loss, 
Per Cent RV per : 
per Hr Hr Meltdown Min. | Tap Ladle 
Acid Arc Heats 
I4 AAgB 1.03 0.73 0.27 0.10 0.25 0.24 
18 AAMnMo 0.54 0.23 0.28 0.16 0.26 0.27 0.01 
22 AAgB 0.99 0.25 Ontt 0.08 0.09 0.18f 0.090 
27 AAgB 0.60 0.14 0.10 0.10 0.13 0.29 0.16 
31 AAgB 0.32 0.24 0.25 0.14 0.14 0.30 0.16 
4I AAIC 0.86 0.71 0.08 0.05 0.09 0.127 0.04 
41 AAIC 1.08 0.73 0.08 0.05 0.09 o.12t 0.04 
gree Wo Se ee tae el ee Se ee eee 
Basic Arc Heats 
ath oe UT A eS Wn eee SSS SS Se ene 
30 BAgB 0.20 0.10 gain 0.19 0.15 0.15 0.24 0.09 
32 BAgB 0.43 0.09 0.18 0.15 0.24 0.290 0.05 
33 BAgB 0.18 0.27 0.23 
35 BAIC 0.32 nil 0.28 0.28 0.20§ 0.42 0.13 
36 BAIC 0.26 0.27 0.36] 0.19 0.24 0.35 O.1IL 
Acid Open Hearth Heats 
ek ep a ae ee ee ee eee 
28 AOHgB 0.50 0.25 0.17 0.12 0.12 0.25 0.13 
29 AOHhC 0.11 0.11 0.20 0.16 0.25 0.21 
Basic Open Hearth Heats 
NS i PER ORE a i Te ae a spe aes tania ie ee ee ed ee be 
23 BOHgB 0.32 0.04 gain 0.18 0.18 0.20 0.20 
23 BOHgB 0.60 0.40 0.18 0.18 0.20 0.29 
24 BOHgB 0.23 0.14 0.21 0.18 0.32 0.28 
25 BOHHT 0.64 0.14 gain 0.16 0.16 0.28 0.26 
39 BOHIC 0.28 0.28 0.18 0.18 0.31 0.32* 0.01 
26 BOHgB 0.20 
38 BOHIC 0.30 0.29* 
40 BOHgB 0.31 0.25* 


* Via spoon. 
Via hand shank. 
This sample via wet hand shank. 
Water leaking into furnace. 
First heat on rebuilt furnace. 
ype abbreviations: 


AA = Acid are furnace AOH = Acid open hearth 
BA = Basic are furnace BOH = Basic open hearth 
2B = Grade B steel (plain 0.25 to 0.35 pct carbon steel) 
MnMo = Manganese-molybdenum alloy steel 
HT = Manganese-titanium high-tensile steel 
hC = High carbon, otherwise similar to Grade B 
1C = Low carbon, otherwise similar to Grade B 


SECTION 2—HyDROGEN AND NITROGEN basic open hearth heats (38, 40) were 

CONTENT OF STEEL IN COMMERCIAL sampled at tap and ladle and one at the 
PRACTICE . ladle only (Heat 26). 

In all cases of sampling from the furnace, 

4 about three pounds of metal were with- 

The hydrogen and nitrogen content of drawn in a well-slagged spoon, the slag 

commercial steels during melting has been raked or dumped, the metal killed with 
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aluminum wire and poured into a copper 
chill mold. Time for this operation was 
normally ro to 15 sec. The sample was 
cooled in the mold, cut from the head, and 
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clear example of the normal behavior is 
shown in Fig 1 for acid arc heat No. 18. 
During the active period the removal of 
carbon and nitrogen was approximately 
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stored over mercury within 3 to 4 min. 
Ladle samples were normally poured di- 
rectly into the chill mold from the smaller 
bottom pour ladles. In a few cases, which 
have been noted in the tables, a heated 
spoon was used with apparent success. 
Samples were poured from hand shanks 
when this practice was being used for the 
castings. 

Graphs of furnace practice and analysis 
are given herein for the more illustrative 
heats. Data from all heats are summarized 
in Table 1 and Fig 15. 


Nitrogen Variation 


Total nitrogen analyses were made by 
the wet method on drillings from the head 
portion of each chill sample. In nearly all 
cases these were in the range of 0.005 to 
o.o1 wt pet and in this range followed very 
closely parallel with the carbon content. A 


parallel. In the later period of the heat 
small unexplained variations were recorded 
while an important increase in nitrogen 
occurred with the alloy additions and on 
tapping. 

When the original nitrogen at meltdown 
was abnormally high, as 0.015 pct in acid 
arc heat No. 31, there was a much more 
rapid loss of nitrogen in the first 15 min. of 
the boil (Fig 2) after which the behavior 
was as before. In open-hearth heats there 
was little variation in nitrogen, except for 
a rise on tapping. In a basic arc heat made 
by the double slag process the change of 
nitrogen was slow in agreement with the 
small carbon drop but showed definite 
drops at the completion of the formation of 
each slag. All nitrogen values are in fairly 
good agreement with the assumption that 
the nitrogen elimination runs roughly par- 
allel to carbon removal. No cases were en- 
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were in each case subjected to a rather 
violent boil soon after melting. In each such 
case, a marked reduction of hydrogen oc- 
curred as illustrated by Tests 1 and 2 in 


countered where the nitrogen content was 
sufficient to lead to an expectation that it 
might cause a change in the physical prop- 


erties of the steel. 


0.015 
0.014 
0.013 
ooi2 
° 0.011 


oO010 


° 
BOIL STARTED 


25 LBS. IRON ORE 
VIGOROUS BOIL 


{2} 
: 


° 
8 
x 


z 
° 
a 
2 
= 
o 
a 
x | 
S 


TOTAL NITROGEN — WEIGHT — PER CENT 


30 LBS. 50% 


30LBS. DOLOMITE 


30LBS. PIG IRON, 


TIME — MINUTES 


Fic 2—THREE-TON ACID ELECTRIC ARC FURNACE HEAT 31. CHANGE OF Nez CONTENT WITH 
PROGRESS OF HEAT. 


Hydrogen in the Acid Arc Furnace 


A summary of the data on the hydrogen 
content of all of the commercial heats is 
given in Table 1. Of the six acid arc heats 
listed there, the four heats Nos. 14, 18, 22, 
and 31 may be considered normal practice 
where made. The typical features are shown 
in Fig 3, which represents the log of Heat 
14. These heats melted high in carbon and 


Fig 3. As the boil decreased the hydrogen 
content either rose or leveled off. This log 
shows a special increase with the alloy 
addition, which, however, was not generally 
confirmed by the other heats. This increase, 
together with other irregular increases 
shown in Fig 4 and 5 is more likely caused 
by moisture in certain additions than to a 
specific hydrogen content of any of the 
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additions. All of the acid arc heats except 
Heat 14 showed increases in the hydrogen 
content on transfer to the ladle. These, as 
listed in Table 1, may usually be correlated 
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effect of hydrogen from the air remains 
through the treatment. 

In Fig 15 the rate of change of hydrogen 
and the rate of change of carbon are com- 
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with the known presence of moisture in the 
ladle, and occur independently of the type 
of furnace. 

Heat 27 was exceptional in that it 
melted soft and there was little boiling at 


‘the start. The heat was twice repigged 


during which period the hydrogen, low at 


_ meltdown, increased considerably. A good 


boil was obtained just prior to blocking and 
this boil brought the hydrogen back down 
at a rate comparable with the loss during 
the initial boil on the other heats. The log 
of this heat is shown in Fig 6. 

In the case of the acid arc furnace, it has 
been found that there is a correlation be- 
tween the atmospheric humidity and the 
hydrogen content of the steel. Pertinent 
data are shown in Table 2. 

“It is obvious that a high atmospheric 


humidity tends to increase the hydrogen - 


absorbed during meltdown and that some 
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pared for the period of active boiling for 
each heat. Values for the acid arc heats are 
shown as solid triangles. It will be seen that 


TABLE 2—Humidity at Time of Melting and 
H » Content of Steel, Acid Arc-furnace 


Heats 

So 

eel orn Tap He 
ae — | 

Heat midity, 

Nor | Gener Per 
Cu M |} Amt Ghat Amt | Cent 

(RV) | of | (RV) | _of 
Base Base 

* 14 (base)| May | 10.0 0.27 | 100 | 0.24 | 100 
18 Aug. | 17-4 0.28 | 103 | 0.26 | 109 
22 Oct. 6.4 Onr7: 63 | 0.00 37 
27 Jan. 4.6 0.10 38 | 0.13 54 
31 May 5.9 0.25 93, |20..74 58 
4t Apr. 6.0 0.08 30 | 0.09 33 
ee ee SS 


there is a general trend toward increased 
hydrogen elimination as the violence of the 
boil increases, as indicated by more rapid 
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carbon removal. As the rate of boil is not 
the only factor affecting the hydrogen con- 
‘tent, a precise relationship cannot be ex- 
pected. The simultaneous absorption of 
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that a low-hydrogen steel could be pro- 
duced on demand. On the basis of ductility 
studies to be described in a later paper, it 


was projected that a ladle hydrogen value 
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hydrogen from atmospheric moisture has 
been noted. It may also be noted that heats 
such as Nos. 14 and 31 which started high 
in hydrogen show a comparatively high 
rate of hydrogen elimination during boiling, 
while heats such as Nos. 22 and 27 which 
started at lower levels show a lower rate of 
hydrogen loss at comparable boiling rates. 
The hydrogen elimination reaction during 
boiling thus appears as a normal type whose 
rate depends directly on the amount of 
hydrogen present as well as on the violence 
of boiling. 


Special Practice for Low Hydrogen 


After the study of sixteen commercial 
heats of the four usual types, it was desired 
to prove whether the principal factors con- 
trolling the hydrogen content had been 
determined by attempting to demonstrate 


of o.15 RV or less would not only be well 
below the normal commercial range but 
should give a noticeable improvement in 


ductility. Inspection of the data in Table 1 | 


and Fig 15 showed that a carbon elimina- 
tion rate of 1.0 pct per hr was obtainable in 
the acid arc furnace. It was estimated that 
with this boiling, the hydrogen elimination 
rate should vary between 0.70 and 0.25 
RV_per hr as the hydrogen decreased, and, 
therefore, that from a possible 0.30 RV at 
the start of boiling, o.25 RV could be 


‘ eliminated during 30 min. of sustained 


boiling. Such a practice should, therefore, 
leave an adequate margin for a certain 
inescapable pickup of hydrogen in the ladle. 

To prepare such a heat, the following 
precautions were taken: To prepare an 
-AX1024 steel after the specified boil, a 
melt-down carbon of about 0.75 pct was 
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desired. Allowing for meltdown losses, pig 
was charged to bring the carbon to 0.85 pct 
of which 0.69 pct actually survived at the 
time the boil was started. All charge mate- 
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at 1- to 2-min. intervals to a total addition 
of 785 lb of ore in a 12,000-lb heat. The 
desired carbon (0.24 pct) was passed 31 
min. after the first addition with 740 Ib of 


30 LBS. PIG IRON, 30LBS. 50% FeSi 
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rials, as well as ore to be added later, were 
air dry. Lime and alloy additions were held 
at red heat until needed. A thoroughly 
dried, old ladle was used. 

The results of this test, Heat 41, are 
shown in Fig 7. No ore was used in the 
charge or added until the heat had been 
melted and brought close to the desired re- 
action temperature. A first portion of 250 
lb of ore was added to start the boil after 
which additions of 25 to 50 Ib were made 


ore in the furnace but because of analytical 
delays, the carbon undershot to 0.17 pct 
and repigging was necessary although not 
originally planned. 

The apparent meltdown hydrogen was 
very low although it may be questionable 
whether a representative sample could be 
obtained from the completely inactive 
bath. The second analysis at 0.19 RV 
appears normal for the conditions of melt- 
ing. During the boil the hydrogen. fell 


270 HYDROGEN AND NITROGEN CONTENTS OF STEEL DURING COMMERCIAL MELTING 


reasonably continuously and attained the final ladle value of 0.12 RV was, therefore, © 
desired value of 0.05 RV 34 min. after the well within the range of the original aim. 
first ore addition. This value could not be In this test of special practice, both the 
maintained when the boil tapered off; minimum and final hydrogen contents in 
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The hydrogen pickup in the well-dried in any standard practice. The resulting test 
ladle was no more than 0.04 RV, and the bars were very low in hydrogen and had 
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excellent ductility which was not appre- 
ciably increased by aging. It may be con- 
cluded that in the acid arc furnace at 
least, low-hydrogen high-ductility steel 
can, in fact, be produced on demand. 
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eliminating carbon at the rate of 0.32 pct 
per hr was attained for 10 min., after which 
the carbon remained practically unchanged 
and the heat inactive. There was therefore 
no real opportunity for hydrogen elimina- 
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Hydrogen in the Basic Arc Furnace 


The five basic arc heats, Nos. 30, 32, 33, 
35, and 36, are noticeably different from 
the acid arc heats in that no important 
over-all reduction of hydrogen was gener- 
ally obtained during the molten period. 
Only one heat, No. 36, showed a good re- 
sponse to boiling. This heat is illustrated in 
Fig 8 and should be interpreted as showing 
the results of the best regular practice 
which is far better than average with re- 
spect to hydrogen control. Heats 30, 32, 
and 33 showed large but irrational changes 
in hydrogen and a general upward trend 
throughout the heat. Heat 32, typical of the 
group, is illustrated in F ig 9. 

Heat 35 is the only example of true basic 
practice using the double-slag treatment 
(Fig 10). In this heat, a vigorous boil 


tion. As a further abnormal and adverse 
factor, a furnace was used whose refrac- 
tories were continually moistened by water 
leaking from the roof. An apparent equilib- 
rium hydrogen value of 0.295 + 0.01 RV 
was attained and held constant within the 
accuracy of analysis for almost 2 hr. The 
ladle used had been saturated with water to 
cool it for’ repairs; hence a ladle pickup of 
0.13 RV of hydrogen occurred to give a 
final analysis of 0.42 RV, the highest so far 
found in commercial practice and a value 
which could be expected to do extensive 
harm to the physical properties of the steel. 

Insufficient data were obtained to test 
the effect of humidity on the basic arc 
furnace. 

The most important general difference 
between the basic and acid arc heats ap- 
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pears to lie in difference in practice where a 
much more violent boil is used in the acid 
furnace. There is actually only one over- 
lapping of the rates of carbon elimination 


0.3 


HYDROGEN AND NITROGEN CONTENTS OF STEEL DURING COMMERCIAL MELTING 


per hr at a boil intensity giving 0.50 pct per 
hr carbon reduction. As shown in Fig 11, 
this heat compares favorably with the less 
violently boiled acid arc heats. As in nu- 
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in the eleven arc heats, at about 4o points 
per hr. This difference in rate of boil may 
easily be sufficient to account for all of the 
differences in hydrogen content in the two 
types of practice. 


Hydrogen in the Acid Open Hearth 


Both the two acid open hearth heats, 
Nos, 28 and 29, showed hydrogen elimina- 
tion during the period of boiling. Heat 28, 
Grade B (plain 0.25 to 0.35 pct carbon 
steel), showed a hydrogen loss of 0.25 RV 


merous other cases, the favorably low 
hydrogen at tap was spoiled by poor ladle 
practice. 

Heat 29 (Fig 12), a 0.40 carbon steel, had 
very little boil and a maximum carbon loss 
rate of o.11 pet per hr. There was a small 
hydrogen loss at the start and considerable 
increase later in the furnace period. 

While the hydrogen content of the acid 
open hearth steel is high as.compared with 
acid arc steel, the rate of hydrogen elimina- 
tion apparently is entirely consistent with 
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the lower rate of boiling and does not indi- 
cate any special adverse condition. 


Hydrogen in the Basic Open Hearth 


Of the four basic open-hearth heats (Nos. 
23, 24, 25, and 39) followed in detail, Heats 
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sistently in the range of 0.28 to 0.32 RV 
regardless of variations in practice and in 
humidity. Of the four types of furnace 
studied, the basic open hearth was thus 
the worst with regard to final hydrogen 
content. 
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23, 24, and 39 showed some hydrogen 
elimination on boiling. Fig 13 for Heat 23 is 
typical. The amount of hydrogen reduction 


_was insignificant as compared with the 


steady over-all rise which continued with 
the increasing temperature and continued 
exposure to an atmosphere high in hydro- 
gen. Hydrogen reduction by boiling was not 
consistently observed in the basic open 
hearth as shown by the hydrogen gain in 
the early portion of the curve in Fig 13. 
Heat 25 (Fig 14) held a high carbon reduc- 
tion rate longer than Heat 23, but no 
hydrogen reduction was observed at any 


' stage. 


Including the data on the heats not fol- 
lowed in detail, the tap hydrogen in the 
basic open hearth was found to remain con- 


Overall Effect of Boiling 


The comparative rates of carbon and 
hydrogen removal at times of maximum 
bath activity are shown for all of the com- 
mercial heats in Fig 15. As discussed under 
the acid arc, the dependence of the rate of 
hydrogen removal on the amount of 
hydrogen present and on the competing 
readsorption from hydrogen in the furnace 
atmosphere precludes the possibility of any 
legitimate single line to represent the aver- 
age rate of hydrogen removal. The coherent 
band limits drawn include all heats except 
one basic open hearth and, with this excep- 
tion, fail to indicate any specific tendency 
of one type of furnace to give high or low 
rates of hydrogen removal. The most im- 
portant difference between furnaces shown 
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in this figure is the fact that the boil in- 

tensity in the acid arc is usually much 

greater than in the other types. 
Considering heats such as Nos. 14, 31, 
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least 40 points per hr. Time in the inactive 
and blocked conditions must be minimized 
in contrast to the long inactive periods com- 
monly encountered in the open hearth. 
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and 36, where the original hydrogen (Table 
1) was high, it is seen that hydrogen is 
slowly lost with a mild boil, and that the 
rate of hydrogen elimination increases 
regularly as the boil becomes more violent. 
On the other hand, with heats such as Nos. 
22, 27, 30, and 32, where the melt-down 
hydrogen was less than 0.20 RV, hydrogen 
may actually be picked up at any time 
except when the boil is of sufficient violence 
to eliminate carbon at a rate of more than 
40 points per hr. 

The reduction of the final furnace hydro- 
gen below o.15 RV is a reasonable imme- 
diate objective for improved steelmaking 
practice. The attainment of this objective 
requires continued hydrogen reduction at 
the lower edge of the band in Fig 15; hence, 
continued carbon removal at a rate of at 


Since it has been demonstrated that a late 
boil can be just as effective as one at melt- 
down, the required conditions are quite 
attainable in the arc furnaces. In spite of 
difficulties in carbon estimation, blocking 
has been practically eliminated in some 
plants with no apparent harmful effects. 
In the open hearth, difficulties would be 
encountered in attaining temperatures 
necessary to maintain the rapid rate of 
boiling but new procedures such as the use 
of oxygen, already being considered on 
economic grounds, suggest that the diffi- 
culties are not insurmountable. 


Effect of the Ladle 


A most obvious and promising point for 
plant attack on the hydrogen problem lies 
in the reduction of the moisture content of 
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the ladles. Of nineteen heats investigated 
on this point, six reached tap with satis- 
factory hydrogen contents of 0.15 RV or 
less. The good record of aJl of these, except 
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beyond the point of immediate evapora- 
tion, the practice did not prove harmful. In 
contrast, some plants have allowed water 
to be used to the point where the refrac- 
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Fic 12—TWENTY-THREE-TON ACID OPEN HEARTH HEAT 29. CHANGE or Hz CONTENT WITH PROGRESS _ 
OF HEAT. 


the one given special low hydrogen practice, 
was then spoiled by hydrogen pickup of 
0.09 to 0.16 RV from the ladle. Five addi- 
tional heats, to a total of 11 out of 19 also 
had noticeable hydrogen increase from the 
ladle, raising the final hydrogen in the ex- 
treme case to the very undesirable level of 
0.42 RV. 

Investigation has shown that a newly 
lined ladle, even when preheated in a nor- 
mal manner, retains a large amount of 
moisture in its refractories. Much of this 
moisture is converted to hydrogen in the 
first heat poured in the ladle but a portion is 
also carried on in some cases to the second 
and possibly the third heat. 

A second source of ladle moisture is the 
use of water for cooling prior to nozzle and 
stopper replacement. Where care was 
exercised to see that water was not used 


tories are saturated and water may even 
stand in a pool in the bottom. Such cases 
were easily detected by the high hydrogen 
content of the resulting steel and included 
the highest value recorded. 

The excessive use of water is subject to 
immediate control in any plant, and, when- 
ever facilities permit air cooling, could be 
almost entirely eliminated. While the 
periodic use of new ladles is unavoidable, 
it should be practical in many cases to 
reserve these for heats which need to meet 
comparatively low specifications. 


Other Controllable Factors 


The previous literature contains numer- 
ous references to the adverse effect of such 
factors as high moisture in slag materials, 
rusty scrap, and high hydrogen in some 
alloy materials. While it is believed that 
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the present investigation has detected Apparently it would be proper to assume 
these factors in some cases, the effects are _ that a certain unavoidable concentration of 
usually small compared to the effects of | hydrogen will be present at melt-down and 
boiling and ladle practice. that it is desirable to eliminate at least 
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half of this by furnace practice. Probably 

only the most elementary protection of 

charge materials could be economically 

justified. More care of addition materials 
14 


277 


hydrogen can be reduced during steel- 
making, with proportional benefit to duc- 
tility, by maintaining a strong boil, 
normally one of sufficient activity to reduce 
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may be desirable, but probably may be 
limited to protection from rain, the preser- 
vation of lime in a freshly burned condition, 
and possible preheating of certain alloy 
materials used in higher alloy steels. 


GENERAL CONCLUSIONS 


1. Hydrogen to an amount of 0.30 RV 
or more is commonly present in steels of 
casting grades at the ladle, and a sufficient 
proportion of this hydrogen remains in test 
bars and castings to cause important reduc- 
tions of their ductility. This quantity of 


carbon at rates of 0.40 to 1.0 pet per hr. In 
this effort, the acid arc furnace seems most 
amenable to control while the basic open 
hearth furnace offers the greatest resistance 
to effective modification of practice. 

2. To preserve the effect of hydrogen 
reduction during steelmaking, it is neces- 
sary to limit strictly the time spent in an 
inactive condition after boiling and to in- 
sure that the ladle refractories are thor- 
oughly dry. Drying or preheating of furnace 
and ladle additions may give some addi- 
tional benefit in certain cases. 
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DISCUSSION 


(J.G. Thompson and S. Marshall presiding) 


M. B. Bever*—While the equilibrium solu- 
bilities of the common gases in iron and several 


* Massachusetts Institute of Technology. 


of its alloys have been determined with a fair 
degree of accuracy, knowledge of actual con- 
tents of steel in commercial melting has re- 
mained quite inadequate. The present paper is 
an important contribution to this subject. 

When new data of great interest are reported, 
the question of units may appear trivial. None- 
theless, regret must be voiced at the authors’ 
choice of “relative volumes” as units of gas 
content because they are limited to one par- 
ticular system of reference. The density of iron 
or low-carbon steel differs by as much as 10 
pct from the densities of some of the high-alloy 
steels. Certainly, any comprehensive discussion 
of gases in ferrous and nonferrous metals on the 
basis of ‘relative volumes” would be entirely 
artificial. These new units result in figures of 
smaller magnitude than do ‘“‘cc per I00 g of 
metal”—certainly no gain in convenience. 

In addition to the new data reported in this 
paper the authors’ general comments are of 
interest. For example, the emphasis on mois- 
ture as a source of hydrogen seems well- 
founded. While such deoxidizing alloys as 
silicon are particularly effective in supplying 
hydrogen from moisture, iron itself acts simi- 
larly by combining with the oxygen in water 
vapor. 


G. A. Moors (authors’ reply)—The problem 
of hydrogen analysis is complicated enough 
without getting into the problem of units. In 
going over something over 1000 papers which 
have been written on hydrogen in metals, I 
think you will find at least a dozen units of 
measurement. Sieverts used “‘cc per 100 g,”’ and 
as far as I know that is the only series in which 
this unit has been used. 

Weight per cent, of course, is the most gen- 
eral among analysts. In addition to these units, 
we have various papers in milligrams per 
hundred grams, in liters per pound, and almost 
every other combination of units that can be 
imagined. 

The weight per cent value is, of course, most 
legitimate, but we find great difficulty in 
counting the number of zeros. Relative volume 
is a legitimate unit because it makes no dif- 
ference whether we make our measurements in 
cc and in grams, or whether the values are 
read in cubic feet and pounds and converted 
into cubic feet of gas and cubic feet of steel; 
or read in any other system of measurement. 


eng 


DISCUSSION 


We would like to see the elimination of all 
except weight per cent and relative volume on 
the ground that such units as “‘cc per 100 g”’ are 
classed as illegitimate since they are not in com- 
parable terms. 

The effect of silicon, of iron, and so forth, 
in the reaction with moisture is very compli- 


~ cated. I will make just one point. In almost all 
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of these cases where an alloying material is 
added, the potential of the material to decom- 
posed water is already so high that the addition 
does not make much difference. Steels defi- 
nitely all cause conversion of water vapor to 
hydrogen, especially in the commercial furnaces. 


A. L. Ascrx*—The authors confirmed once 
more, and by more or less exact figures, that a 
strong oxidizing boil is an important factor in 
the process of eliminating hydrogen. 

The main merit of this paper lies in the fact 
that investigations were made under com- 
mercial conditions requiring much labor and 
patience and the authors should be congratu- 
lated for this. The conclusions drawn are of a 
general nature and have been recognized for 
some time by many steelmakers dealing with 
quality steels. 

However, the main recommendation that the 
rate of carbon boil should be of 0.4 to 1.0 pct 
per hr, still does not solve the problem of hy- 
drogen in practice. As a matter of fact, the 
figures found by the authors seem to confirm 


_ this plainly. Four acid heats (14 and 22, 18 and 


27) with the same rate of boiling, show as much 
as 100 pct difference in hydrogen contents at 
tapping time. It would be very interesting to 
know what hydrogen contents were found in 
the final products made from these heats. 

In basic arc heats and basic open hearth 
heats, the figures found seem so confusing that 
it is hard to make any positivé conclusion. It is 
regrettable that there were no heats made in a 
basic arc furnace, with the same rate of carbon 
boil as that of the heats made in the acid arc 
furnace. It is very probable that in this case, 
the basic arc furnace would have been treated 
more favorably by the authors particularly if 
the manganese contents during the boiling 


- period had been low. 


If the results are analyzed more closely, it 
can be noticed that the quantity of hydrogen 
varied in a matter of minutes although there 
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seemed to be no special factor which could 
cause such variations. Involuntarily two 
questions arise, namely whether the mechanism 
of absorption and elimination of hydrogen is 
really so flexible or whether we still did not 
reach the stage at which we can say that the 
percentage of hydrogen found is that which 
the metal really contains? If one of these ques- 
tions were answered in a positive way, the 
struggle of the steelmakers with hydrogen 
could be considerably facilitated as we would 
know the essence of the behavior of hydrogen, 

In the present investigations, the problem of 
sampling seems to cause some fears as far as the 
quantity of hydrogen retained in the samples 
is concerned. As mentioned by the authors, the 
sample taken out of the furnace contained 
about 3 lb of fluid metal. It was then killed in 
the spoon with aluminum and the whole samp- 
ling procedure lasted from 10 to 15 sec. It is 
a well known fact that the melting heat of 
aluminum is exceptionally high. In practice 
this means that the addition of aluminum in 
increased quantities chills the fluid metal very 
rapidly. When the metal is chilled, the evolu- 
tion of hydrogen definitely occurs. Further- 
more the process of casting the sample may 
be another factor which causes the elimination 
of hydrogen. It is a well known procedure 
practiced in some plants that in cases of un- 
sound heats, the simple re-ladling eliminates 
hydrogen to the quantity sufficient to assure 
sound heats. As a matter of fact, the authors 
mentioned in this paper that a considerable 
portion of the hydrogen present in the ladle 
may be evolved during the casting process. 
Could it not then be partially eliminated from 
the spoon during the casting of the sample? 
The elimination of hydrogen in this way seems 
to be dependent on the degree of metal turbu- 
lence during casting which, in the case of hand 
spoon used, may in fact be different for each 
individual sample. 

In addition to the previously mentioned 
chilling action of aluminum and possible evolu- 
tion of hydrogen, another fact concerning the 
specific property of aluminum is known in 
practice: namely, that aluminum helps to 
eject the hydrogen from fluid steel. 

It seems then that it would be desirable to 
find out whether there is any difference in 
hydrogen content in the samples taken directly ~ 
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from the furnace by vacuum sampling and 
those taken by spoon sampling. This would 
reveal the influence of the sampling methods 
on the hydrogen contents in the samples. 
Furthermore, it would be desirable to ascertain 
whether there is any difference in hydrogen 
contents between rimmed samples, samples 
killed by aluminum, and those killed by any 
other deoxidizer such as silicon. 

It is fully realized that relative errors should 
be taken into consideration in any investiga- 
tion but when the variations obtained on 
samples taken 19 min. apart show a difference 
of 100 pct and more, a certain fear about the 
accuracy of the sampling seems to be justified. 
It is hoped that the authors will convince us 
that they chose the correct way of sampling. 

Passing to the interpretation of the results, 
it can be noticed that all the heats showed an 
increase of hydrogen before tap, after they had 
been killed. Would this not indicate that the 
hydrogen content in fluid steel depends first of 
all on the quantity of dissolved FeO and that 
the relationship between Hz, H,O and FeO 
dissolved in steel plays an important part in 
the elimination or absorption of hydrogen? If 
this is the case, and in practice we have all 
indications that it is, then the quantity of FeO 
dissolved in steel depends not only on the car- 
bon content but also on the temperature of the 
fluid bath and the quantity of such elements as 
Mn, particularly in basic processes. 

In other words, when all the other conditions 
of the fluid bath are constant, the quantity of 
dissolved FeO in the fluid steel depends only 
on the temperature. The higher the tempera- 
ture, the more FeO is dissolved and the less 
hydrogen is contained in the steel. It would be 
very desirable then that the graphs of furnace 
practice contain the temperature and the quan- 
tities of oxygen kept during the entire melting 
and the change in the quantity of manganese 
on all the heats investigated. 

In our practice, we found the temperature 
factor so important that, in some cases, the 
simple overheating of the heat eliminated the 
hydrogen to the contents assuring a sound heat. 
Although somewhat contrary to the general 
belief, we definitely found that cold melted or 
cold worked out heats contained much more 
hydrogen than heats melted and worked out 
hot. Heat No. 41 shows tapping temperature at 

- 3150°F, which should be considered as high. 


HYDROGEN AND NITROGEN CONTENTS OF STEEL DURING COMMERCIAL MELTING 


This heat also shows the lowest hydrogen con- 
tents at the tap. 

Finally, we do not quite agree that in order 
to obtain heats with a low hydrogen content, a 
strong oxidizing boil is required. The charge 
can be melted with a low hydrogen content and 
by the proper operation of the furnace, this low 
hydrogen content can be maintained. From 
an economical point of view, this factor is im- 
portant as by eliminating the boiling period, a 
heat is shorter by at least one hour. 

For instance, hot melting with lower initial 
carbon, which assures high residual oxygen con- 
tents, together with recarburizing the heat just 
before tap would give the same hydrogen con- 
tents as those found in the investigations, if not 
lower. In fact, the authors’ own investigations 
seem to indicate that the acid heats melted to 
low initial carbon show lower initial hydrogen 
contents. This phenomenon would be more 
plainly visible if instead of melting to about 
0.20 pet C, the heats were melted to about o.1 
pet C. One heat, No. 41, melted to 0.70 pet C, 
showed the lowest initial hydrogen but 6 min. 
later, the quantity of hydrogen found was 
almost 250 pct higher although a violent boil 
occurred at that time. It seems as though the 
figure of the initial hydrogen, in this particular 
case, could be questioned. 

Another way of eliminating hydrogen in com- 
mercial conditions is to bubble the fluid steel 
with natural gases. Here too, the method seems 
more economical than boiling and it would be 
desirable to investigate its quantitative side. 

All the above remarks should not be con- 
sidered as a criticism of this work. We fully 
realize the difficulty of the problem involved. 
We mention some additional factors, which 
were not taken under consideration, for the 
purpose of pointing out the variety of methods 
which are used in practice to obtain steels. con- 
taining the lowest possible quantity of hydro- 
gen. We indeed would like to know which 
method is the most effective. This can certainly 
be found by the institution and authority which 
Dr. Sims represents and we strongly believe, 
knowing Dr. Sims from his previous works, 
that sooner or later he will give us a definite 
statement concerning the mechanism of the 
absorption and elimination of hydrogen and 
the most effective way of fighting against this 
cancer of steelmaking. 
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DISCUSSION 


G. A. Moore (authors’ reply)—We are 
pleased that Mr. Ascik finds that the conclu- 
sions of this paper have been recognized for 
some time by many steelmakers, but feel that 
he thus places himself in a select minority 
which has so far been unsuccessful in selling 
these conclusions to the average steelmaker. It 
is true that all of our conclusions have been 
previously obtained by inference from other 
studies, but regrettable that even more direct 
quantitative evidence than was gathered for 
this paper is necessary before we have a right 
to expect these conclusions to be universally 
acceptable in the industry. 

Mr. Ascik’s remark to the effect that regu- 
lating the boil rate does not solve the problem 
emphasizes the first conclusion of the paper 
while ignoring the second. The heats 14, 18, 
22 and 27 differ widely in duration of boil and 
time from boil to tap, as shown in part by the 
two for which logs are reproduced. They also 
represent a complete range of ladle conditions. 
The rates of removal of hydrogen shown in 
Fig 15 illustrate a spread at the same rates of 
boiling, but this is largely eliminated if the 
proportion of hydrogen eliminated is plotted 
as the vertical coordinate. We do not wish to 
imply, however, that the proportional elimina- 
tion of hydrogen depends only on the rate of 
boil, since there is also the opposing rate of new 
hydrogen absorption which varies with the 
composition and the atmosphere. The point 
that we did not treat the basic furnaces favor- 
ably in the discussion is entirely ascribable to 
the fact that we did not find a basic furnace 
being operated in the high range of carbon 
elimination rates used in the arc furnaces. We 
would be very glad to have data on such heats. 
In fact data on many more heats are necessary 
before final conclusions may be drawn. 

Data on the hydrogen contents of the end 
products from many of these heats are in the 
general report from which this paper was taken, 


and will appear in the forthcoming paper on 


hydrogen and ductility. 

For several paragraphs Mr. Ascik antici- 
pates another forthcoming report with Dr. 
Derge, which will cover in detail the accuracy 
and errors of the analytical methods. In 
essence, the ordinary error in sampling is not 
more than o.o1 relative volume under the 
technique ordinarily used in this work, This 
error probably is a loss in -most cases. Mr. 
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Ascik’s comments on all the things which could 
go wrong are well taken. We found that the 
accuracy of the sample varies considerably 
with the skill and interest of the melter whose 
furnace is being sampled. In one plant, dupli- 
cate samples checked to about 0.002 relative 
volumes, but in some-other cases there were 
marked differences in the rate of pouring 
successive samples. Some logs taken under 
poorer conditions were remarkably -uninstruc- 
tive and therefore do not appear in the paper. 
In the logs which are reproduced, we believe 
that the great majority of points are correct to 
o.o1 relative volume, but a small number may 
be in considerable error from undetected 
variation in procedure. No conclusions were 
drawn unless an effect was detected in several 
heats. Such sudden changes as the increases of 
hydrogen due to wet ladles and to blocking of 
the heat were detected on many occasions. 
We agree with Mr. Ascik that more work is 
now needed on sampling methods than on 
further refinement of the analytical method. 
We must however take exception to certain of 
his specific statements. The addition of alumi- 
num in amounts used for killing does not lower 


_ the temperature of steel, but rather raises it as 


a result of the high heat of combustion of the 
aluminum with the oxygen in the steel. Rela- 
dling ‘and pouring often can cause hydrogen 
elimination provided that the heat is live, that 
is that it contains dissolved carbon monoxide 
in a quantity sufficient to exert an equilibrium 
pressure which is more than one atmosphere 
but less than enough to start bubble formation. 
The writer has seen no case of hydrogen elimi- 
nation from an aluminum killed heat except 
for the possible example of a condition where 
atmospheric oxidation has progressed beyond 
the point of consuming all of the residual alumi- 
num metal. The statement that aluminum 
helps to eject hydrogen from fluid steel in prac- 
tice is directly contrary to all the analytical 
evidence collected on aluminum and silicon 
steels in this work. Data on the hydrogen con- 
tents of solid steels of these types will be in- 
cluded in the forthcoming paper previously 
mentioned. 

It is probable that the reactions between 
Fe, FeO, Hz, HO, Mn, and others in the steel 
and slag play a part in the hydrogen problem 
as stated by Kobayashi (Ref. 6). Complete slag 
and metal analyses corresponding to every 
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hydrogen sample were obtained for heats 35 


and 36 and shown in the original report, but as 
no relationships could be discovered, these are 
not included in the paper. It appears that the 
expected equilibrium is never obtained and the 
actual values found in ordinary furnaces de- 
pend on rate factors which are not closely 
related to the equilibrium conditions. We are 
unable to separate the effect on manganese as 
an element from the completely simultaneous 
effect of ending the boil. We did find in all cases 
where the temperature record was good that an 
increase of temperature invariably was accom- 
panied by an increase in the dissolved hydro- 
gen. This agrees both with the increasing 
solubility of hydrogen when applied at con- 


stant pressure and with the fact that water is © 


more completely decomposed by iron as the 
temperature is raised. Mr. Ascik’s finding that 
an increase of temperature eliminates hydrogen 
is inexplicable to us unless his heating induces 
a boil. His quotation of our heat No. 41 as 
supporting evidence is entirely inappropriate 
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since this is the heat that was specially proc- 
essed by boiling continuously at 1.0 pct 
carbon loss per hr almost to the moment of 
tapping. Our hottest heat was No. 35, which 
burned completely through the bottom of the 
ladle about 2 min. after pouring. This heat 
had a ladle analysis of 0.42 relative volumes, 
the highest encountered. Fig 10 shows that this 
heat had practically no boil. It is quite possible 
that some of the initial hydrogen values are in 
the group of lowest accuracy as the heats often 
were not well mixed at this stage. No correla- 
tion was claimed between initial hydrogen and 
initial carbon and it does not appear that Mr. 
Ascik discovered one. 

There is no doubt that bubbles of other gases, 
besides the carbon monoxide bubbles from 
natural boiling, are effective in helping to 
remove the hydrogen. Referring to gas sweep- 
ing treatments as artificial boiling gives a good 
implication of the effects to be expected. A 
separate investigation of this process has in 
fact been conducted and may form the subject 
of some future paper. 
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INTRODUCTION 


Durinc the past several years, the steel 
casting industry has made studies of heavy 
castings in which the test bar has been 
taken from heavy sections rather than from 
attached or separately cast coupons. It has 
been noted that the ductility properties of 
these heavy sections are often lower than 
those normally expected. Such lowered duc- 
tility is usually accompanied by a spotty 
test bar fracture, and the ductility values 
can often be greatly improved if a low- 
temperature aging treatment is given to 
the casting. A loss of ductility of this type 
is considered “abnormal,” since it is not 
accompanied by an increase of tensile 


strength or hardness, and “temporary” 


when the ductility can be restored by 
aging. The cure of such an abnormal con- 
dition represents a real improvement in 
the quality of the steel. 

Several types of abnormal loss of duc- 
tility can be distinguished, of which those 
caused by excessive amounts of inclusions 
of undesirable type and those caused by 


unsuitable grain size and ingot structure are 


well known. The particular type of ab- 
normal lowered ductility currently under 
consideration may be distinguished by the 
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fact that the low-temperature aging treat- 
ment necessary for its relief is insufficient 
to cause any visible change in the micro- 
structure as ordinarily observed. As this 
aging will in fact eventually occur at room 


- temperature, the phenomenon of present 


interest may be given the symptomatic 
definition, “Temporary Abnormal Low 
Ductility.” 

Some hundreds of previous investiga- 
tions, largely qualitative in nature, have 
established, beyond reasonable doubt, that 
hydrogen is normally present in newly 
manufactured steel and that this gas, in 
small amounts, can cause a temporary 
abnormal loss of ductility. The commonly 
observed association of high gas content 
and low ductility has given strong evidence 
for the presumption that hydrogen, possi- 
bly assisted by other gases, is the primary 
cause of the low ductility observed. Accord- 
ingly, The Steel Founders’ Society of 
America has, since Nov. 1, 1944,Sponsored 
investigations at Battelle Memorial Insti- 
tute whose primary objective is to obtain 
quantitative information on the relation of 
the amount of hydrogen and nitrogen in 
steel, together with associated methods of 
steelmaking and treatment, to low-duc- 
tility effects and porosity. 

The interest of this investigation thus 
extends to permanent abnormal losses of 
ductility, such as are caused by the inclu- 


‘sions which sometimes result from special 


deoxidizing practices and possibly from 
metallic nitrides, but as these can be dis- 
tinguished from the temporary effect of 
hydrogen, they have been excluded from 
the work reported here except when they 
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. appear as interfering factors. The nitrogen 
content of the commercial heats has been 
followed in detail, but since the nitrogen 
content has, in all cases, been small and 
has been shown to be unchanged on aging, 
the possible effect of nitrogen on ductility 
has been only incidentally considered. 
Aging as a means of obtaining lowered 
hydrogen content has been freely used 
throughout the work on ductility, but the 
quantitative investigation of the rate of 
progress of aging will be only briefly 
mentioned. 


In order that these investigations might © 


proceed on a quantitative basis, hydrogen 
analyses of a precision considerably 
higher than any previously reported 
in the literature were necessary. The 
method chosen was selected entirely on the 
basis that it had the highest probability of 
freedom from uncontrollable errors and has 
been described in detail in another publica- 
tion.! Briefly, the method used consisted of 
the hot extraction of solid pieces of steel 
weighing from 45 to so g in a highly 
evacuated quartz tube maintained at 
roso°C (1925°F) for a period of approxi- 
mately 4o hr. The greatest precautions 
were taken to eliminate blanks and insure a 
sound gas collection system. Vacuum and 
temperature conditions were automatically 
maintained. Mercury-filled risers were 
used for the introduction of samples in 
order that the system could be thoroughly 
degassed in advance and samples intro- 
duced without contamination of the sys- 
tem with air. From periodic records of the 
amount of gas evolved, an allowance, about 
3 pct, was normally made for the residual 
hydrogen at the end of the extraction 
process. For the determination of the gas 


content of liquid steel, chill-cast cylinders. 


of 5-in. diam and 1.25-in. length were 
made in copper molds. The mold provides a 
feeder head of about 1-lb capacity, 
separated from the sample by a pierced 
ceramic disk or ‘Washburn Core” in order 


1 References are at the end of the paper. 
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that a rapidly cooled sound sample is ob- 
tained under all normal conditions. Samples 
were removed from the mold and broken or 
cut from the head and stored in closed 
tubes over mercury, pending analysis. The 
time before storage was generally approxi- 
mately 3 min. and the time until the first 
appearance of a gas bubble usually about 
ro min. The precaution of storing over 
mercury proved essential in all cases, not 
only of cast samples but of similar pieces 
turned or sawed from castings after addi- 
tional treatment. Reported analyses in- 
clude the hydrogen evolved both at room 
and elevated temperature, together with 
the small residual allowance previously 
mentioned. 

In all discussions and plots in this work, 
hydrogen analyses are given in “relative 
volumes” (R.V.) in which one R.V. repre- 
sents an amount of hydrogen which, when 
measured at o°C (32°F) and standard 
atmospheric pressure, would occupy the 
same space as the amount of steel analyzed 
when in a form free of porosity. This unit» 
is most convenient since it is the one most 
easily visualized, is independent of the 
system of measurement, and resulting 
figures are of convenient magnitude. Con- 
version factors for considering other reports 
are: 


0.001 wt. pct = 0.874 R.V. 
1 R.V. = o.corr4 wt. pct 
1.0 cc per 100 g = 0.0786 R.V. 
1 R.V. = 12.72 cc per 100 g 


The precision of the analytical method 
used, when starting with actually identical 
solid samples, has been established to be 
the precision of the analysis of the evolved 
gas, which is +0.004 R.V. The precision for 
liquid samples apparently is nearly as good 
under ideal sampling conditions, but for 
furnace samples taken with a slagged spoon 
and killed with aluminum and poured as 
rapidly as possible, an average error of 
+o.o1 R.V. must be allowed. Checks of 
accuracy by comparison with other meth- 
ods, which will presently be published 
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elsewhere, indicate that the analyses ob- 
tained are probably within 0.01 R.V. of the 
truth. 

The work to be presented here is in 
three sections. Section 1 will give a brief 
resume of the more impressive publications 
on the same subject which have come to the 
writers’ attention during the period of the 
work. Section 2 will describe work leading 
to the deduction of the quantitative rela- 
tionship between hydrogen content and 
ductility. Section 3 will give a brief intro- 
duction to the problem of determining the 
relationship between aging time and tem- 
perature and the change of hydrogen and 
ductility in various sizes and types of 
castings. Inasmuch as the complete details 
of these experiments can not be encom- 
passed within the limits of a single paper, 
only the most instructive will be given in 
the paper proper while the more extensive 
details will be relegated to an appendix 
which will be made available from Battelle 
Memorial Institute in the form of Re- 
cordak film. 

A portion of this work, previously pre- 
sented at the Fifth Electric Furnace Con- 
ference,* showed that the normal hydrogen 
content of commercial steel, as poured from 
the furnace, was in the range of 0.20 to 
0.30 R.V. It will be shown in this paper 
that a portion of the hydrogen content of 
liquid steel may be lost during certain 
casting procedures, and also that the 
hydrogen concentration may sometimes be 
increased in certain portions of castings as 
a result of segregation. As it will also be 
shown that the range in which ductility 
losses are shown is mainly from o.10 to 0.40 
R.V., it may readily be seen that the 
amounts of hydrogen present during com- 
mercial steelmaking are coincident with the 
amounts of most interest with respect to 


ductility. 
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SECTION I—REVIEW OF RECENT 
LITERATURE 


Since the manifestations of hydrogen in 
steel have attracted very wide interest and 
led to a vast number of discussions in all 
quarters, the writers make no pretense of 
having examined all such efforts. The litera- 
ture up to 1944 was examined in some detail 
in other publications of the writers.2-* It is 
necessary here to examine only a few 
publications of special interest which have 
recently come to the writers’ attention and 
to re-examine a few whose significance has 
only become apparent in the light of the 
experimental work. 

In recent publications, the most generally 
accepted hypothesis for the behavior of 
hydrogen in steel has been outlined as 
follows: The hydrogen contained within a 
piece of steel is normally in three portions, 
first, that in true solution in the lattice; 
second, a portion in excess of that which 
can be in true solution and which has pre- 
cipitated and diffused into blowholes and 
other major openings; and third, a portion 
which has been rapidly precipitated and | 
has been unable to diffuse far from the 
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point of precipitation. Of these, only the 
third portion is effective in altering such 
properties as the ductility; hence, the effect 
of a specified amount of hydrogen will vary 
with the history of the steel. The adverse 
effect of the hydrogen arises from the fact 
that at low temperature the decomposition 
pressure of the solution reaches the same 
magnitude as the strength of the steel, thus 
forcing the precipitated gas into micro- 
scopic openings, within the grains, vari- 
ously termed “‘rifts,” ‘“‘lattice dislocations,” 
or “mosaic disjunctions.” The combined 
effect of the interruption of the lattice 
structure and the triaxial tensile stresses 
set up to balance the gas pressure effec- 
tively prevent the normal deformation 
processes. 

On the quantitative side, very little re- 
liable information has appeared either on 
the amount of hydrogen associated with 
lowered ductility or porosity or on the 
amount normally present in commercial 
steel. From equilibrium measurements of 
the amount of hydrogen dissolved at one 
atmosphere pressure, it was known that the 
amount of hydrogen which might be con- 
tained in liquid steel just prior to freezing is 
about 2.2 R.V. and the amount in solid 
steel just after freezing about 1.0 R.V. 
From numerous qualitative tests, it could 
be presumed that the hydrogen content 
necessary to cause porosity might be of the 
same order. In austenite, the solubility de- 
creases with temperature from 1.0 R.V. to 
0.4 R.V. at the transformation, and there 
is evidence that steel saturated with hydro- 
gen in this temperature range is subject to 
shatter cracking. The solubility in ferrite 
falls from 0.2 R.V. just below the transition 
to unmeasurable amounts below 350°C. 
Qualitative experiments had shown that 
steel saturated with hydrogen at and im- 
mediately below the transition showed 
markedly impaired ductility. Actual analy- 
ses of hydrogen in either liquid or solid 
steel were apparently so variable as to shed 
practically no light on the amount normally 
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present. The solubility of hydrogen in most 
alloying elements was known, and there 
was some evidence that the solubility of 


hydrogen in alloy steels would usually be — 


intermediate between that in pure iron and 
that in the alloying element. Alloying ele- 
ments were also considered to affect hy- 
drogen behavior by their effect “on the 
austenitic field and the possibility was 
entertained that hydrogen might interact 
with inclusions and precipitated phases. It 
was believed that the hydrogen content of 
steel during manufacture might be any- 
thing up to around one relative volume and 
it was known that some portion of the 
original content normally diffused away as 
the fresh steel aged. It was presumed that 
moisture in the furnace charge and moisture 
and hydrogen in the furnace gases were 
important sources of hydrogen and that the 
boil in the furnace and the rimming of 
ingots tended to reduce the amount of this 
gas. In the work previously reported, the 
effect of moisture in the atmosphere and 
in the ladle was measured. The strong boil 
was found very beneficial in reducing hy- 
drogen. The normal range of hydrogen in 
the commercial furnaces was found to be 
0.20 to 0.30 R.V. in the absence of special 
precautions. 

Recent British experimenters use the 
chill-cast pencil sample, storage on dry ice, 
and warm extraction analysis as tested by 
Wells and Barraclouch’? who have estab- 
lished an accuracy of +0.05 R.V. Sykes, 
Burton, and Gegg® thus find the average 
content of open hearth steels at tap to be 
0.30 R.V. Arc-furnace carbon steels aver- 
age 0.32 R.V., while steels in the 3-5 pct 
alloy range show 0.37 to 0.62 R.V. of hy- 
drogen. Several “wild” heats of alloy steels 
gave hydrogen analyses from 0.7 to 1.3 
R.V. These investigators expected the 
hydrogen content to be lowered by boiling, 
but did not detect the effect, apparently 


_ because they tried to correlate hydrogen 


with the length of the boil rather than with 
the intensity. 
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In the field of the effect of alloys, Hung, 
Beaver, and Floe? find that the addition of 
silicon to iron decreases the hydrogen 
solubility. Miss Armbruster!® is apparently 
responsible for the observation that the 
effect of certain alloys on the solid solu- 
bility of hydrogen may be expressed by 
their effect on the proportion of retained 
austenite. This ties in exactly with the 
measurements of Andrew et al‘! that the 
rate of evolution of hydrogen from steel is 
very closely related to the changes in 
transformation temperature caused by the 
alloys present. 

Segregation of hydrogen during freezing 
was discussed by Larsen!” but was not de- 
tected by Sykes et al,® because no tests 
were made near the surface of their ingots. 
Segregation during transformation in the 
last portion of austenite is noted by 
Andrew!* but the concept of a “hydrogen- 
rich constituent”? has been abandoned."® 

Several new qualitative observations of 
the effect of hydrogen on ductility have 
appeared.!3-15 Sykes® and Andrew" give 
hydrogen analyses and ductility for the 
same samples. Sykes finds lowered ductility 
above 0.16 R.V. but finds the effect to vary 
erratically and with composition, heat 
treatment, and direction in the billet. 
Andrew finds embrittlement at 0.10 to 0.30 
R.V. Neither finds a regular relationship of 
ductility to hydrogen, but it may be noted 
that if Andrew had eliminated the effects of 


- composition and heat treatment from his 


data by plotting the true breaking strength 
on the reduced area as given in Ref. r1b, 
a quite regular loss of ductility from o to 
0.30 R.V. of hydrogen would have ap- 
peared. Sykes finds that aging redistributes 
the hydrogen in less harmful form. Andrew 
notes that a portion of the hydrogen can- 
not be removed at low temperature and 
that the effect on ductility is greater in a 
heterogeneous than in a homogeneous 
structure. The current visualizations of the 
action of hydrogen held by Andrew and by 
Portevin'® are indistinguishable from the 
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mechanism outlined at the beginning of 
this section. 


SECTION 2—Errect OF HYDROGEN ON 
THE Ductitiry oF Cast STEEL 


Outline of Experiments 


While numerous prior experiments have 
demonstrated the existence of a connection 
between a temporary abnormal loss of duc- 
tility and the hydrogen content of steel, 
attempts to show this relation quantita- 
tively have been greatly complicated not 
only by inaccuracies in measurement but 
by the interfering effect of permanent duc- 
tility changes associated with differences 
in structure, composition, or thermal his- 
tory of the various specimens. It has been 
found that hydrogen is often highly seg- 
regated; hence, additional difficulty arises 
from the possibility of differences between 
the samples tested physically and adjacent 
portions of metal which may be analyzed. It 
must, therefore, be allowed that the true 
effect of hydrogen can only be seen in the 
average behavior of many samples and that 
individual tests may, in many Cases, 
appear contrary to the general trend. 

The tests covered in this section consist 
primarily of the preparation of samples of 
solid cast steel having different hydrogen 
contents, while being as nearly as possible 
similar in other respects, followed by simul- 
taneous determination of the tensile prop- 
erties and hydrogen analysis of closely 
adjacent portions. Impact tests were in- 
cluded in some cases. Such tests upon nor- 
malized samples permitted the plotting of 
correlation bands from which the average 
effect of hydrogen on ductility was deter- 
mined. To establish the temporary nature 
of this ductility loss and.to estimate the 
interfering effects of permanent abnormal 
ductility losses such as those resulting from 
inclusions, duplicates of the normalized 
samples were given arbitrary aging treat- 
ments similar to those used commercially, 
and tested in the same manner as the 
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normalized samples. An unforeseen result 
of these tests was that the average effect of 
the firmly held hydrogen retained after 
aging was found to be proportionally 
greater than that of the total hydrogen 
originally contained. 

In the first series of specimens, from 
nine 4- X 4 in. laboratory ingots of Grade 
B steel, hydrogen variation was obtained 
by variations in melting practice and by 
segregation of hydrogen in the ingot. The 
latter amounted to a ratio of about eight to 
one between samples from the center and 
corner positions. Heats 10 and 311 were 
melted under air, while the hydrogen con- 
tents of Heats 8, 9, 12, and 13 were modi- 
fied by treatment with nitrogen, argon, 
ammonia, and dry hydrogen, respectively. 
Three additional heats, Numbers 15, 16, 
and 17, were treated respectively with dry 
hydrogen, wet hydrogen, and wet hydrogen 
followed: by argon. The treatment of these 
last three heats caused an unplanned lower- 
ing of the carbon content and consequently 
a different range of ductility values. 

A second series of specimens was ob- 
tained by taking samples from three posi- 
tions within 6-X6- X 12-in. sand-cast blocks, 
where the thermal gradients were less than 
those in the ingots. Heats 21, 25, 26, and 
27 were, respectively, an aluminum-killed 
laboratory Grade B steel, a silicon-titanium 
high-tensile basic open hearth steel, a sili- 
con-killed Grade B acid arc furnace steel. 
Heat 21 was compared as to hydrogen 
analysis only with Heat 20, a silicon-killed 
laboratory heat which developed too much 
porosity to allow tensile testing. 

Further tests of correlation of ductility 
to hydrogen, in the aged condition only, 
were made on 4- X 4-in. and 1- X r-in. 
keel block coupons from Heat 34, an 
aluminum-killed manganese-titanium high- 
tensile acid arc steel in which the hydrogen 
content was varied by aging for periods up 
to 256 hr at 400°F and to 19 months at 
room temperature. 

Data on these fifteen heats not speci- 
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fically covered in the discussion to follow 
will be found tabulated in the Appendix. 


Effect of Nitrogen 
Twenty-seven normalized samples from 
three positions within the ingots of Heats 
8 to 13 and 15 to 17 were analyzed for 
total nitrogen by the modified Kjeldahl 
method and for loosely combined nitrogen 
by hot extraction. While the free portion 
was often somewhat greater at the center 
of the ingots, this trend was not regular and 
the amount of free nitrogen was, in most 
cases, quite small as compared with the 
hydrogen present. 
analyses, ranging from 0.005 to 0.012 wt 
pct, revealed no segregation. When these 
nitrogen analyses were plotted against duc- 
tility values, there was no evidence of any 
correlation. 

Analyses on similar samples which had 
been aged for 25 hr at 700°F in the form of 
r.5-in. square bars showed that the loss of 
nitrogen by aging was insignificantly small. 
Nitrogen analyses made in the other series 
of experiments likewise failed to show any 
important change upon aging. 

It may, therefore, be concluded that 
nitrogen, in the amount present in these 
steels, plays no significant part in the tem- 
porary abnormal loss of ductility under 


consideration. This observation is not to © 


be taken as contradicting the presumption 
that metallic nitrides may join with the 
other inclusions present to give permanent 
abnormal losses of ductility, or that larger 
amounts of nitrogen might be more signi- 
ficantly affected by aging at an elevated 
temperature. 


Effect of Deoxidation Practice 


It had been commonly observed within 
the industry that the use of some of the 
deoxidizing practices, especially those em- 
ploying aluminum, often resulted in lower 
ductility. It was widely believed that these 
deoxidizers reduced the rate of aging of 
castings. While it was well known that 
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aluminum could increase the amount of 
harmful inclusions and cause the formation 
of the least desirable types, thus giving 
permanent abnormal losses of ductility, it 
was not inconceivable that the inclusions 
associated with special deoxidizers might 
affect the amount of hydrogen retained in 
the steel or influence its distribution. 

To determine whether aluminum in fact 
affected the hydrogen content, three nor- 
malized and eleven aged bars were analyzed 
from each of Heats 20 and 21. Both melts 
had been treated with wet hydrogen to give 
essentially identical contents of 0.36 and 
0.37 R.V. Heat 20 was incompletely killed 
with silicon only, while Heat 21 was addi- 
tionally completely killed with aluminum. 
The average hydrogen contents of the 
solid samples were identical for the two 
steels, although the radial segregation was 
somewhat greater in the aluminum-treaved 
heat in accord with the probability that 
freezing was quieter. The eleven pairs of 
aged samples all gave hydrogen analyses 
agreeing within the limit of error of analysis. 

The same procedure was followed in ex- 
amining sixteen sets of samples from each 
of Heats 25, 26, and 27, which were, re- 
spectively, silicon-titanium, silicon, and 
aluminum killed. At the ladle, the H» con- 
tent of the silicon heat was lowered, and the 
aluminum-killed heat higher than Heat 25. 
The high original position of the aluminum- 
killed heat was preserved in the normalized 
samples, but the side and center bars of the 
silicon-killed heat were higher than those 
of the silicon-titanium steel, so that in this 
example the silicon-killed steel had the 
greatest radial segregation. Comparing 
three similar bars for each of thirteen aged 
conditions, the three heats occupied the 
high hydrogen position with essentially 
equal frequency. 

From these tests, it may safely be con- 
cluded that the different deoxidation prac- 
tices do not affect the amount of hydrogen 
retained in the cast steel, its segregation 
during freezing, or the rate of diffusion of 
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hydrogen on aging. This does not rule out, 
however, the possibility of secondary effects 
such as an influence of deoxidation products 
on the hydrogen segregation in localized 
areas. 


Effect of Hydrogen on Tensile Properties of 
Steel Cast as Ingots 

The nine chill-cast ingots from Heats 
8-13 and 15-17 were first normalized by 
holding for 2 hr at 1650°F and cooling in 
still air. Sufficient lengths for tensile bars, 
impact and gas specimens, were cut from 
the upper portion of each ingot well below 
the unsound metal of the hot top. These 
sections were split longitudinally in nine 
equal sections (approximately 1.5 in. 
square), of which the single center section 
was designated A position, the four sections 
lying along the sides of the ingots B, and 
the four corners C. One section of each type 
from each ingot was machined to produce a 
standard tensile bar, three V-notch Charpy 
impact specimens, and one gas analysis 
sample. Tensile tests were conducted in a 
standardized manner at a controlled speed 
of 0.018 in. per min., and in all cases, com- 
pleted within 4 hr of the time of machining. 
Gas analysis samples were stored over 
mercury at the time of the physical tests. 
In this series, the Charpy values were all 
relatively good and showed no appreciable 
variation between samples of varying hy- 
drogen content. 

For the samples from Heats 8-13, 
correlations were found between each of the 
tensile properties and the hydrogen con- 
tent. The effect of hydrogen on the 
elongation is shown in Fig tr. An average 
elongation of 24 pct in 2 in. at zero hydro- 
gen is reduced at the rate of 5 pct for each 
o.10 R.V. of hydrogen until a minimum 
elongation of about 4 pct is established at 
about 0.40 R.V. and higher. 

The effect of hydrogen on the reduction 
of area, shown in Fig 2, is similar to that on 
elongation. An average reduction of area of 
32 pct at zero hydrogen is reduced approxi- 
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mately 5.5 pct for each 0.10 R.V. of hydro- 
gen, and again the effect becomes maximum 
at about 0.40 R.V. A downward trend was 
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confidence can be placed in the observation. 
Tensile-strength values were more regular 
and indicated a continuous downward 
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observable in the yield strength values, but 
the spread of the values was much larger 
than those for ductility and hence little 
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trend extending to a 45 pct loss from 80,000 
psi at 1 R.V. As this trend includes the 
effect of differing cooling rates at the dif- 
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ferent sample positions, which is in the 
same sign on this property, the effect of 
hydrogen may be only a small part of the 
total. 
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percentage scatter here is only about half 
that of Fig 2, since effects due to variations 
in the cooling rate of the samples have been 
eliminated. The curve may be regarded as 
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In Heats 15-17, which had about 0.23 
carbon instead of the 0.30 carbon of the 
heats above, elongation values were about 
s pet and reduction of area values about 
to pct above those in Fig 1 and 2, but, 
nevertheless, clearly showed the same 
trends. Slight downward trends of yield and 
tensile strength against hydrogen were de- 
tectable. In order to compare the ductility 
values of these heats with the previous 
group, it is necessary to have a measure of 
ductility relatively independent of carbon 
content. Most such measures which have 
been proposed are artificial in nature and 
of dubious significance, but it is quite com- 
monly known that the true breaking stress, 
that is, maximum load divided by final 
reduced area, is nearly independent of 
ordinary variations of. composition and 
heat treatment for a given class of steel. 
A plot of this quantity against hydrogen 


for all nine heats is shown in F ig 3. The 


showing reduction of area corrected to an 
arbitrary tensile strength, as shown by the 
scale at the right of the plot, and on this 
basis it may be seen that hydrogen had an 
exactly equivalent effect on the heats of 
different carbon content. 

By comparing Fig 3 with Fig 2, it may 
be seen, however, that the true breaking 
stress values indicate an adverse effect of 
hydrogen over and above the effect on 
ductility, since the effect of hydrogen con- 
tinues in the range of 0.40 to 0.60 R.V., 
where ductility has already been reduced 
to a minimum value. A real effect of hydro- 
gen on tensile strength must occur in this - 
composition range. It is equally obvious 
that there was no continuing effect of 
hydrogen on tensile strength in the range 
of 0.60 to 1.0 R.V., since this would have 
appeared in the true breaking stress if real. 
It appears reasonable to conclude that of 
the 45 pct loss in tensile. strength originally 
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correlated to hydrogen content, perhaps 
ro to 20 pct may have been caused by hy- 
drogen, while 20 to 35 pct was assignable to 
the lower cooling rate of central bars, 
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effects correlated to hydrogen were re- 
moved when the hydrogen was reduced. 
The hydrogen contents of corresponding 
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normalized and aged bars are compared in ~ 


HYDROGEN REMOVAL - % 


- RELATIVE VOLUMES 


HYDROGEN CONTENT OF NORMALIZED BARS 


0.3 


© POSITION A 
O= POSITION B 
A= POSITION CG 
A=HEATS 8-1 
A=HEATS 15-I7 


0.4 0.5 0.6 


HYDROGEN CONTENT OF AGED BARS- RELATIVE VOLUMES 
Fic 4—EFFECT OF AGING ON HYDROGEN CONTENT. 


coincident with their higher hydrogen 
content. 


Aging of Steel Cast as Ingots 


Duplicates of the 27 bars whose proper- 
ties have just been discussed were aged for 
25 hr in the 1.5-in. square form at a tem- 
perature of 7oo°F. These’ are arbitrary 
conditions sometimes used commercially to 
reduce abnormal temporary losses of duc- 
tility. Gas analyses and tensile tests were 
made as before in order to determine if the 


Fig 4. It may be seen that, with the excep- 
tion of a few bars having relatively low 
original hydrogen content, all bars lost hy- 
drogen on aging, but the amount lost 
varied from a few per cent to 85 pct with 
considerable dependence on the original 
hydrogen ‘content. 

As shown in Fig 5, aging almost always 
improved the elongation, and the improve- 
ment varied from 20 pct to 100 pct of the 
normalized values. For the 0.30 pct carbon 
steel, the final value seemed to reach a 
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limit of 30 pct elongation. The results on 
reduction of area were very similar to those 
on elongation and, therefore, are not illus- 
trated. It may easily be seen that the over- 
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the tensile properties, but the uncontrolled 
losses of ductility due to permanent factors 
naturally assumed greater importance than 
in the normalized series. Such trends as 
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all effect of aging on hydrogen content and 
on ductility are very similar. 

The improvement of yield strength on 
aging was not of particular importance. 
Aging had little effect on the tensile strength 
of bars cut from near the outside of the 
ingots, but Fig 6 shows that the tensile 
strength of the central bars increased from 
ro to more than 30 pct in the 0.30 carbon 
steels, although it was not improved in the 
0.23 carbon series. For the former, this 
supports the previous conclusion that at 
least a portion of the correlation between 
hydrogen and tensile strength was due to a 
real dependence. 


After aging, some correlation remained _ 


between the residual hydrogen and each of 


could be established indicated that the 
effect of a fixed quantity of hydrogen is 
greater when this hydrogen is the residue 
after aging, than when it is present in a nor- 
malized bar. Such regularity as remains in 
the values is best shown by the true break- 
ing stress values in Fig 7, which may again 
be regarded as corrected ductilities. The 
dotted band shows the range occupied by 
the unaged samples. In spite of the in- 
creased spread, it may be seen that the 
properties of the aged bars change more 
rapidly with hydrogen than did those of 


the normalized samples, so that when the __ 


residual hydrogen is around 0.3 R.V., the 


aged bar can easily be inferior to a normal- 


ized bar with the same hydrogen content. — 
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When the residual hydrogen is less than 
9.10 R.V., however, the aged bar is usually 
much superior to a normalized bar of the 
same low hydrogen content. 
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four centrally located bars designated A, 
six bars along the sides and bottom desig- 
nated B, and two bars from the lower 
corners designated C. Occasional duplicate 
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Effect of Hydrogen on Properties of Steel in 
Sand-cast Blocks 


Blocks, 6 X 6 X 12 in., were.cast in dry- 
sand molds from laboratory Heat 21 and 
commercial Heats 25, 26, and 27 as men- 
tioned above. These were cast in the hori- 
‘zontal position under 9-in-diam circular 
risers, so that the last meta] to freeze was 
not included in the specimens as was the 
case in the ingot samples. Radial segrega- 
tion of hydrogen and differences in cooling 
rates between samples were, therefore, 
much less than in the ingot samples. 

After normalizing at 1650°F for 6 hr, each 
block was cut into 6-in. cubes which in turn 
were eventually subdivided into 16 hori- 


zontal bars 1.5 in. square by 6 in. long. 


The four bars at the top of the block, ad- 
joining the riser, were discarded, leaving 


tests showed that the bars in each group 
were similar in hydrogen content and prop- 
erties but were not exact duplicates. One 
tensile and gas sample and impact samples 
were taken from each position in the 
normalized condition, while others were 
tested as aged 25 hr at 4oo°F in the 1. 5-in. 
section, aged 96 hr in the 6-in. cube, both 
of these renormalized 1.5 hr at 1650°F in 
1.5-in. section after aging, and renormalized 
3 hr in 3 X 3 X 6 in. section after aging. 
Special tests were made on a second block 
of Heat 27 to determine the agreement be- 
tween similar samples and to determine the 
effect of renormalizing without intermedi- 
ate aging. 

The relationship of elongation to hydro- 
gen content for normalized samples from 
the four blocks is shown in Fig 8. The ob- 
served lines for laboratory Heat 21 and 
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silicon Heat 26 are regular and parallel, . 


showing elongation being lost at the rate of 
7.5 pct for each 0.10 R.V. of hydrogen. The 
effect of unit hydrogen is thus 50 pct 
greater than in the ingot samples, but it 
appears reasonable that the slower cooled 
blocks may, in part, indicate the same 
phenomena which cause the unit effect of 
hydrogen to be much greater in aged than 
in normalized samples. The observations 
for the manganese-titanium heat, No. 25, 
are irregular, but if an average is taken, 
the trend is found at least as steep as for 
Heats 21 and 26. In the aluminum-killed 
heat, No. 27, the ductility available at zero 
hydrogen is apparently only about two- 
thirds that of the other heats, and the vari- 
ation with hydrogen is much less. This heat 
contained numerous inclusions, mainly 
Type 3, which were apparently sufficient 
with other constitutional factors to account 
for a permanent loss of ductility of the 
magnitude observed. It appears that the 
temporary effect of hydrogen and the con- 
stant effect of constitutional factors acted 
as relatively independent limits on the duc- 
tility, which could not become high unless 
the specimen were relatively free of both 
types of limitation. 

The change of reduction of area with 
hydrogen almost exactly confirms the ob- 
servations for elongation. Heats 21 and 26 
show regular lines which are almost parallel 
and indicate a reduction of area loss of 
about 7 pct for each 0.10 R.V. of hydrogen. 
As before, the slope is at least as great for 
manganese-titanium Heat 25, while alumi- 
num-killed Heat 27 shows very little 
change with hydrogen content. 

Heats 21 and 26 show no loss of yield 
strength with increasing hydrogen, while 
for Heats 25 and 27, the loss observed was 
so small that there is no certainty that it 
was real. 

Heats 26 and 27 show a slight and uncer- 
tain decrease of tensile strength with in- 
creasing hydrogen, while Heats 21 and 25 
show low tensile strengths in the central 
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bars which could possibly be due to struc- 
tural differences rather than hydrogen. 
There was no definite change of impact 
values with changing hydrogen content in 
any of the four heats. 


Aging of Steel from Sand-cast Blocks 


Several samples from each position of 
each block were aged or aged and renor- 
malized as described above. The loss of 
hydrogen in each case is shown in Fig 9 
by plotting the analysis of the aged sample 
against that of the normalized sample from 
the same position. As in the ingot samples, 
the effectiveness of aging has been very 
erratic. Within the spread of observations, 
there is no evidence that the four heats 
aged at different rates, that renormalizing 
removed any additional hydrogen after 
aging, or that the arbitrary rule of 16 hr 
aging per inch of thickness favored either 
the large or small samples. Direct observa- 
tions of renormalizing without aging, not 
plotted, showed some hydrogen loss at the 
high temperature when the original hydro- 
gen was high. 

The improvement in elongation on aging 
is shown in Fig 10 and makes a pattern very 
similar to that for hydrogen removal. Cer- 
tain distinctions may be found, however, 
in the elongation pattern, notably that the 
improvement on the renormalized bars is 
not quite so good as on the aged bars with- 
out renormalizing, and especially that the 
improvement in aluminum-killed Heat 27 
is only about half that of the other three 
heats. 

The effect of aging on reduction of area 
was very similar to that on elongation, 
and again the renormalized bars showed a 
little less gain than those aged only, while 
the effect on Heat 27 was much less than on 
the others. 

In contrast to the effect of aging at 
700°F used for the ingot samples, aging at 
400°F very seldom improved the yield 
strength of the block samples more than 
about 3 pct. On renormalizing, however, 
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improvements of to to 20 pct were common. 
The low-temperature aging had practically 
no effect on tensile strength, but. when fol- 
lowed by renormalizing, many bars were 
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temperature treatment accomplishes only 
the elimination of a portion of the hydrogen 
content, while the higher temperature must 
also effect some slight rearrangement of the 
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improved 5 to ro pct. The same effect was 
even more marked for the impact values. 


~ Most of these were improved less than 10 


pet by aging alone, but a large proportion 
were improved 50 pct or more on renormal- 
izing after aging. 

The observations on yield, tensile, and 


impact strengths indicate quite clearly 


that the original aging test at 700°F con- 
tained the results of two actions which are 
separated by the use of lower temperature 
aging, followed by renormalizing. The low- 


structure. This must be investigated to 
determine whether it may differ from the 
usual effects of heat treatment. 


Relation of Properties to Hydrogen after 

Aging 
After aging, the increased relative im- 
portance of various factors having a per- 
manent effect on ductility makes it difficult 
to observe a good correlation between hy- 
drogen and the tensile properties. In most 
cases, however, a band of reasonable width 
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could be drawn about the original normal- 
ized ductilities which also included the 
ductility of samples renormalized after 
aging. Samples which were only aged, 
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two aged samples could not be included 
with the normalized group. 

The bands for reduction of area are simi- 
lar to those for elongation, except that a 
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however, tended to fall outside these bands, 
being better at low hydrogen and worse at 
high hydrogen than the normalized groups. 
For elongation, Fig 11 shows the behavior 
of silicon Heat 26, which is typical. Labora- 
tory Heat 21 gave almost identical results, 
while manganese-titanium Heat 25 was 
similar, except that there was stronger 
indication of an upward curvature when 
hydrogen was below about 0.06 R.V. 
Aluminum-killed Heat 27 gave a narrow 
and more nearly horizontal band and only 
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distinct upward curvature can be observed — 


below 0.04 to 0.06 R.V. in each case. Re- 
sults for the silicon heat are shown as Fig 


12. Heat 25 again shows a greater change 


with hydrogen, and Heat 27 a very small 
change. 

Yield, tensile, and impact strengths show 
no positive correlation with hydrogen after 
aging, but in each case, the values for sam- 
ples which have been aged at 400°F re- 


mained close to those for the normalized — 


samples. On renormalizing after aging, the 
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values of these properties nearly always fell 
distinctly above the range of the normalized 
or aged samples. 

To determine the nature of the effect of 
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normalizing is a normal heat-treating effect, 
although it produces a combination of 
properties which could not be obtained 
before aging. 
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renormalizing, the true breaking stress has 
been plotted against hydrogen analysis for 
the samples of Heat 21 in Fig 13. Silicon 
Heat 21 gives the most clear-cut results, 
but the observations are similar for each 
heat. The original normalized samples fall 
in a narrow band of moderate slope, while 
both the aged and aged and renormalized 
samples fall in another band of much 
greater slope. Since the true breaking stress 
is not affected by ordinary changes in struc- 
ture which occur on normal heat treatment, 
but is affected by factors which abnormally 
lower ductility, and since it is not affected 
here by renormalizing after aging, it may, 
therefore, be seen that the effect of re- 


Relation of Ductility to Hydrogen Changed 
by Aging 


Thirty 4-in. square keel bars were aged 
at 4o0°F for various times up to 256 hr 
after which tensile tests and hydrogen 
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analyses were made for the central portion — 


of each bar. The correlation of hydrogen 
content and ductility for such samples is 
shown in Fig 14, where each observation is 
the average of three bars. It is seen that 
there is very little improvement in ductility 
until the hydrogen has been reduced to 
o.10 R.V. after which the elongation in- 
creases rapidly on further reduction to 0.04 
R.V. 
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In this series of tests, the use of triplicate 
samples not only gave much more reliable 
results, but also yielded interesting infor- 


. mation on the inherent variability of the 
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variations occurred in yield and tensile 
strengths, there was no consistent change 
of these properties on aging. 

Another set of 4-in. coupons were aged 
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hydrogen effect. Both hydrogen content 
and ductility of the triplicates were in good 
agreement before aging, but during the 
early stages spread farther and farther 
apart. Late in the process, the values re- 
turned to consistent agreement. During the 
period of divergent values, the correlation 
of hydrogen to ductility was quite poor for 
individual samples, although the averages 
remained in a narrow band. It could clearly 
be seen that aging was not only progressing 
at differing rates in the various bars, 
but that the effectiveness of hydrogen 
in reducing ductility varied between bars 
according to random factors controlling its 
distribution. 

The use of triplicate samples permitted 
the calculation of the normal range of error 
for the various observations, and by this 
test it was possible to show that while 


at room temperature for periods up to 
1814 months or 555 days. The variation in 
hydrogen content and tensile ductility 
with the log of time are plotted in Fig 
1s. The data plotted are the averages of 
triplicate tests. No hydrogen was lost for 
the first 60 days but by 555 days it had been 
lowered from 0:30 R.V. to 0.13 R.V. By 
extrapolation of the curve, it is estimated 
that it would require about 1200 days or 
éver 3 yr to complete the aging, or to lower 
the hydrogen to the end point of 0.04 R.V. 
obtained at 400°F. 

No perceptible improvement in ductility 
was obtained by aging for 1844 months. As 
shown in Fig 14, however, the ductility did 
not increase even at 400°F until the hydro- 
gen content fell below 0.10 R.V. It might 
logically be anticipated, therefore, that 
after some 700 days or 2 yr, when the 
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hydrogen has fallen below o.10 R.V., the 


: ductility would improve as it did in ac- 
- celerated aging. 


One-inch coupons from the same heat as 
the 4-in. coupons were aged both at 400°F 
and at room temperature. The effect of 
these aging treatments on the tensile duc- 
tility is shown in Fig 16. At 400°F there was 
an almost immediate improvement in duc- 
tility and after 6 to 8 hr an end value was 


~ reached which was not increased by a 64-hr 


treatment. 

Aging at room temperature produced no 
change for 30 days, but by 60 days, prac- 
tically full recovery of loss of ductility due 
to hydrogen was obtained. Equal improve- 
ment in ductility was ultimately attained 
at both temperatures. 

The hydrogen content was lowered to an 
apparently irreducible minimum of 0.03 
R.V. by both treatments. This took place 
in 15 to 20 hr at 4oo°F but required 180 
days at room temperature. 


Interpretation of Data on Ductility 


All of the observations of the effect of 


__ hydrogen on the ductility of steel which 
__ have been reported in this section are in 
_ agreement with the mechanistic theory 


which has been stated in Part 1 and in Sec- 


tion 1 of this part. Before the quantitative 


observations can be properly interpreted, 


however, it is necessary to emphasize that 


the theory, itself, predicts variations in the 


4 quantitative effect, although this predic- 
tion has not generally been appreciated. 


At ordinary temperatures, all of the hydro- 
gen affecting ductility has been considered 


as located in discreet pools centering on 


disturbed spots such as inclusions or small 
holes, but including an additional region 
where the continuity of the lattice is tem- 


. porarily interrupted and the pressure of 


the contained molecular hydrogen is bal- 
anced by highly localized multidimensional 
tensile stresses in the surrounding metallic 
crystal. Common observations of flakes and 
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similar imperfections have shown that such 
pools are of visible size, and that in many 
cases a single such pool is sufficient to give 
a brittle fracture of a specimen of ordinary 
size. Since fracture will normally follow the 
rule of the weakest link in the chain, it will 
naturally seek out the most completely 
damaged spots in the material to be broken; 
hence, ductility will normally be deter- 
mined by the size and hydrogen concentra- 
tion of a few of the largest pools and will 
normally be almost entirely independent of 
the existence of smaller pools or pools with 
lower hydrogen concentrations. 

On aging or slow cooling, the mechanics 
of hydrogen diffusion at low temperature 
assume importance. If, as at high tem- 
perature, hydrogen atoms were diffusing in 
solution, the rate would be proportional 
to the concentration of hydrogen, and the 
higher concentrations would disappear 
first. However, in the low-temperature 
range, where the hydrogen is diffusing as 
molecules, the controlling factors are 
mainly mechanical and the dependence on 
concentration may be of no importance. 
It appears only reasonable to assume that 
the same structural factors which were 
originally responsible for the local segre- 
gations continue to operate, so that the 
points of greatest original concentration 
retain their hydrogen content most per- 
manently. This is, in fact, the only reason- 
able explanation of the repeated observa- 
tion that a portion of the hydrogen is 
trapped at low temperature and is never 
entirely lost on any aging treatment. 

Fig 17 has been constructed to best repre- 
sent the data on ductility from all of the 
experiments reported here. Bands have 
been drawn to represent the trend lines for 
elongation for each of the 14 heats, putting 
them all on the same scale by representing 
the elongation of a normalized bar having 
no original hydrogen as 100 pct. Reduction 
of area data would have given a similar 
figure except that there would have been 
greater upward concavity at low hydrogen 


304 THE EFFECT OF HYDROGEN jON 
and more difficulty would be found in ex- 
trapolating observations to zero hydrogen. 

It will be seen that the efficiency of the 
hydrogen in reducing ductility varies con- 
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siderably both with the nature of the steel 
and with heat treatment. A steel of 
normal quality, such as the laboratory 
steels or the usual silicon-killed commercial 
grade, cooled at a rate sufficient to retain 
most of its original hydrogen content, as 
were the 4-in. ingots, tends to follow nearly 
a straight line in the middle of the normal- 
ized band. Ductility is reduced to about 20 
pct of the original value by 0.40 R.V. of 
hydrogen. 

With a steel whose composition gives per- 
manent abnormal losses of ductility, such 
as one of the commercial steels killed with 
aluminum, the proportional effect of hydro- 
gen is much Jess than on a normal type. 
Such a steel follows the upper portion of 
the normalized band, and 30 pct or more of 
originally lower ductility may survive 
above 0.4 R.V. of hydrogen. The absolute 
ductility value may, of course, be lower 


There is some evidence that the increased } 


number of inclusions may increase the num- 
ber of hydrogen spots and thus lower the 
efficiency of the hydrogen by lowering the 
concentration per spot. 

In samples where part of the hydrogen 
has been removed by aging, very little 
improvement of ductility occurs until the 
hydrogen is less than 0.10 R.V.; hence, the 
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proportional effect of hydrogen is about — 


four times as great as in normalized sam- 
ples. This is reasonable only on the basis 
that the first hydrogen to diffuse out was 
so located as to have little or no effect on 
the ductility, with the remainder located 
in the critical spots which would fail in a 
brittle manner. 

Steels which have high original ductility, 
or which have been cooled somewhat 
slowly, tend to follow the lower portion of 
the normalized band, with the ductility 
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being reduced to 12-20 pct of the original 
by 0.25 to 0.30 R.V. of hydrogen. A curva- 
ture of the same sign as that of aged 
samples tends to appear in these cases. The 
fact that hydrogen may be 50 pct more 
effective in reducing ductility in such steels 
is reasonable if it may be believed that 
there are fewer locations for hydrogen 
segregation in the high-ductility steels, and 
that a portion of the less effective hydrogen 
may be lost on slower cooling. 


Inter pretation of Data on Strength 


Correlations were found between yield, 
tensile, and impact strengths ‘and the 
hydrogen content, but these were, in part, 
a result of the coincidence that high- 
hydrogen specimens were often from in- 
terior locations which of necessity had 
slightly lower cooling rates. When hydro- 
gen was changed by aging, changes of the 
strength properties could not be detected 
with certainty. On renormalizing after 
aging, strength properties increased to 
values higher than were obtainable before 
aging, while ductility decreased in an 
amount exactly appropriate to normal 
structural rearrangement. It appears that 
while hydrogen has no direct effect on 
yield strength and impact values, it does 
have a small effect on structure, for in- 
stance, the establishment of a rift system, 
and that the structure obtained in the 
absence of hydrogen has better strength 
properties. 

A small effect of hydrogen on tensile 
strength, other than the structural effect, 
apparently remains for high hydrogen 
contents. This is best shown by the fact 
that the true breaking stress continues to 
decline after minimum ductility has been 
established, and that a small increase 
sometimes occurs on aging. This effect 
apparently is caused indirectly by the loss 
of ductility, since the full potential strength 
of the steel often cannot be realized when 
it fails prematurely from excessive brittle- 
ness. The limiting case would be reached 
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when the hydrogen embrittlement actually 
took the form of cracks, after which the 
cracked area obviously would carry no load. 
According to the data recorded in the lit- 
erature, cracking may usually be expected 
to start in the range of 0.60 to 1.0 R.V. of 
hydrogen. 


SECTION 3—NATURE OF AGING 


In the previous section, aging was con- 
sidered only in the form of an arbitrary 
treatment which normally increased duc- 
tility and reduced hydrogen. With’ the 
arbitrary time of 16 hr per in. of thickness, 
the actual effectiveness of any given aging 
test was largely unpredictable. This section 
is introductory to actual measurements of 
the effect of variations in time and tempera- 
ture and the true dependence of aging on 
thickness of section and will not attempt 
quantitative answers to these questions 
since the measurements are still in the pre- 
liminary stages. 

The progress of aging with time sheds 
some additional light on the nature of hy- 
drogen embrittlement and the recovery of 
steel after embrittlement. Fig 18 shows a 
typical series of measurements representing 
hydrogen content and ductility at the 
center of aging 4-in. bars. Observations 
are the average of three tests. The hydro- 
gen analysis curve remains very close to a 
first-order reaction, that is, with the rate of 
evolution proportional to the hydrogen 
concentration with possibly a small delay 
while waiting for evolution from the inner 
layers, but the hydrogen evolution suddenly 
stops after a little over 100 hr with about 
0.04 R.V. remaining permanently in the 
specimen. Ductility shows a slight improve- 
ment on first heating to the aging tempera- 
ture, which may be presumed to be a result 
of readjustment of structure or of the stress 
pattern. There was little further change of 
ductility until the hydrogen fell to about 
0.10 R.V. at about 60 hr. At this point, the 
ductility increased rapidly as the hydrogen 
was falling to its final limiting value, fol- 
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lowed by a small slow increase of ductility 
which could again be associated with 
changes in structure and stress distribution. 
Further analysis of the magnitude of these 
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ment should, therefore, be of considerable © 


interest since it shows that a recovery of 
ductility at least to the value characteristics 
of steel without hydrogen, and possibly to 
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changes shows the change of ductility 
directly associated with the removal of the 
critical portion of hydrogen is at least three 
or four times the total change which can 
be associated with structural readjustment 
and stress relief. 

The progress of aging with time should 
also be considered in the light of hydrogen- 
ductility relationship shown in Fig 14 and 
in the schematic form of the “aged” band 
of Fig 17. Since there have been numerous 
indications in the literature'~* that a por- 
tion of the hydrogen was irremovable at 
moderate temperature, aging has been re- 
garded with some suspicion of being only a 
partial cure for lowered ductility caused by 
hydrogen. Comparison of this effect with 
permanent abnormal losses of ductility, for 
example from inclusions,’ has also sup- 
ported this suspicion. The present experi- 


even a greater value, can occur with a rea- 
sonable aging treatment. This is found to 
be true in spite of the fact that some of the 
hydrogen is not eliminated. 

The data are not sufficiently comprehen- 
sive to be used in formulating any general 
laws regarding the time-temperature-size- 
relationships in aging. In the time-size re- 
lation, however, there is some indication 
that, with increasing size, the time re- 
quired for aging will increase directly with 
increase in volume and inversely with 
increase in surface area. Thus, for most 
compact shapes, time will increase as the 
34 power of the diameter or thickness. The 
fact that larger sections are apt to contain 
higher hydrogen concentrations may upset 
this somewhat. 

Results from only two temperatures are 
available, but they are fairly consistent in 
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showing that 1 hr at 400°F is equivalent to 
10 days at room temperature or 70°F. This 
is a rate ratio of 240 to 1 for the two 
temperatures. 


GENERAL CONCLUSIONS 


In the light of the extensive information 
available in the literature and of the now 
generally accepted theory for the mecha- 
nism of hydrogen embrittlement, it may 
reasonably be concluded from the data pre- 
sented in this report that: 

1. The ability of hydrogen to cause a 
temporary abnormal loss of ductility has 
been definitely and repeatedly demon- 
strated, and that hydrogen is the only 
material whose concentration is changed by 
aging and, hence, the only primary cause 
of this particular type of ductility loss. 
This loss of ductility may be accompanied 
by a limited loss of tensile strength which 
is probably best regarded as an indirect 
effect of hydrogen acting through its effect 
on ductility. 

2. The direct embrittlement caused by 
hydrogen is accompanied by changes in 
structure or in stress distribution which are 
apparently directly caused by hydrogen 
and which cannot be removed while the 
hydrogen remains present. The embrittling 
effect of these changes are a minor portion 
of the total temporary embrittlement. 

3. This temporary abnormal loss of duc- 
tility is distinct from, and operates rela- 
tively independently of, other mechanisms 
causing permanent abnormal losses of 
ductility; an example of which is the effect 
of film forming or eutectic inclusions. 

4. Hydrogen in amounts of 0.10 to 0.40 


RY. is sufficient to reduce ductility to a 


lower limiting value of 15 to 30 pct of the 
ductility possible in the hydrogen-free 
steel. The exact amount of hydrogen neces- 
sary to accomplish this damage in specific 
cases depends on the ductility originally 
available, on the number of sites for easy 
precipitation of embrittling pools of fluid 
hydrogen, which are in turn dependent on 
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the cleanliness and thermal history of the 
specimen and on the degree of segregation 
of hydrogen within the specimen. In gen- 
eral, the effect of a given amount of hy- 
drogen is least when it can be evenly 
distributed over many sites, greatest when 
it is most highly segregated in a few loca- 
tions, any one of which may be the site of 
brittle failure. 

s. The abnormal loss of ductility caused 
by hydrogen can be completely eliminated 
by aging at a moderate temperature for 
sufficient time to remove all but a small 
residue of hydrogen, but the time necessary 
for completion of aging depends on several 
factors whose quantitative influence has 
not yet been determined. 
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Kinetics of the Transfer of Sulphur Across a Slag-metal Interface 
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INTRODUCTION 


Tue kinetics and mechanism of transfer 
of a constituent across a slag-metal inter- 
face are fundamentally important because 
many metallurgical processes involve the 
existence of a slag phase and a metal phase. 
Industrial processes seldom proceed to 
equilibrium, and information of the rates 


- and modes of reactions are therefore often 
of greater practical importance than equili- 


brium data. A study of the kinetics of 
sulphur transfer across a slag-metal inter- 
face under reducing conditions will contri- 
bute a great deal toward a better under- 
standing of desulphurization in the blast 
furnace process. The general principles 
existing in the transfer of a constituent, 
such as sulphur, across a slag-metal inter- 
face can be extended to similar transfer 
phenomena in other metallurgical processes. 
The present paper will demonstrate how 
such studies will lead to fruitful results 
from both the practical and theoretical 
standpoints. 


EXPERIMENTAL METHOD 


The apparatus used was simple. uN 
graphite crucible 15é-in. id, a wall 3¢-in. 
thick, and a depth of 4 in., was packed in an 
outer fused silica tube with powdered 
magnesia. The crucible assembly was 
rotated at a speed of 235 rpm inside an in- 
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duction coil. A charge of 250 g of Armco 
ingot iron was introduced into the graphite 
crucible and melted by induction heating. 
The melt was held at a desired temperature 
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Fic 1—SLAG SAMPLER. 


for 3-5 min., after which 7.5 g of granular 
ferrous sulphide was added and the bath 
was held for another 3-5 min. A metal 
sample was then taken by means of a 
fused silica tube and a rubber suction bulb. 
Immediately after the metal sample was 
taken, 30 g of a prefused and crushed slag 
were introduced. The slag reached the tem- 
perature of the furnace int to 1/2 min. Slag 
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samples were taken at regular time inter- 
vals with a copper sampler (Fig 1). After 
the last slag sample was obtained, the final 
metal sample was taken through the slag. 


100°C lower than the wall temperature 
which was measured with an optical py- 
rometer. This difference was found to 
decrease to about 30°C after 90 min. The 


TABLE 1a—Chemical Compositions of Slags 


Approx. Chemical Composi- 


Chemical Analysis of Slag, Per Cent by Weight 


eT 


a ee 
— — 


tion Per cent by Weight CaO 
Slag No. Sioz 
iets a ee ee ee 

Al2O3 CaO SiOz 
1530 15 30 55 0.55 
1535 15 35 50 0.70 
1040 10 40 50 0.80 
1540 15 40 45 0.890 
1545 15 45 40 1.12 
2340 23 40 aT 1.08 
1550 15 50 35 1.43 
2838 28 38 34 Ler2 


Initial Final* 
2 EE eS 
AlzOs CaO SiOz Al.Os CaO SiOz 
15.95 31.72 53-46 17). TE 31.55 52.26 
16.09 37.46 47-57 16.08 36.52 46.55 

ye 42.23 47.16 
15.14 41.84 43.02 17.72 41.92 40.65 
16.29 46.66 37-24 15.00 47.15 35.690 
23.40 | 40.31 35.60 | 23.92 | 39.84] 37-31 
15.97 51.70 32.66 
28.01 38.22 33-92 27.14 38.40 33.85 


* The final slags also contained small percentages of iron and up to 1.9 pct sulphur. 


Temperature readings were obtained with 
a Leeds and Northrop optical pyrometer 
sighted on the hot graphite surface in- 
stantaneously left bare by the melt caused 
by the presence of a slight eccentricity of 
the rotating crucible set-up. The optical 
pyrometer was calibrated against a sec- 
ondary standard platinum platinum- 
rhodium thermocouple. 


TasLeE 1b—Carbon and Silicon Content of 
Solidified Ingots from Various Heats 


cane ee EES 


Heat No. Per Cent C Per Cent Si 
STi1 4.90 0.05 
13 4.78 0.02 
15 4.85 0.03 
16 3.88 0.03 
18 4.76 0.04 
19 4.49 0.01 
21 4.27 <o.or 
23 5.12 0.02 
24 4.04 0.01 
35 4.50 0.01 


Temperature checks were made to deter- 
mine whether or not there was a tempera- 
ture gradient between the crucible wall 
and the bath. Temperature measurements 
taken in the bath with a calibrated Pt-Pt 
ro pct Rh thermocouple showed that at the 
start of a run the bath temperature, al- 
though uniform throughout, was about 


region directly above the slag, however, was 
at the same temperature as the crucible 
wall throughout an experiment, because it 
received heat by radiation from the wall. 
Apparently the slag layer was very close to 
the hottest part of the crucible, and there- 
fore it is safe to assume that the tempera- 
ture of the slag was very close to that of 
the wall. 


TABLE 1c—Carbon Content of Iron Melt 


(No Slag Cover) 
Heat No. ST-42 


‘Time (M1n.) PER Cent (C In IRON 
° 


apRwr 


-Or 
* Zero time is the time at which the iron was ob- 
served to be molten. 


The experimental conditions were 
planned to reduce the number of variables 
in the study to a minimum. Rotation of the 
crucible was intended to minimize inho- 
mogeneity in the metal phase and the slag 
phase, as well as to maintain a uniform tem- 
perature in the bath. A comparatively large 
amount of metal was used relative to the 
slag so that the concentration of sulphur in 
the metal phase would not change very 
appreciably as a result of the transfer of 
sulphur from metal to slag. The loss of 
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TABLE 2—Data on Sulphur Transfer Experiments 
A. Slag 1530—15.95 pct Al2Os, 31.72 pct CaO, 53.46 pct SiO, by weight 


Heat Number and Temperature 


eee ee 


Time ST-rE ST-12 ST-13 Average 
Minutes 1540°C 1540°C 1540°C 1540°C 
Cm* C.* Cm Cs: Cm (er Cm Cs 
° 0.024 0.024 0.024 0.024 
2 0.020 0.092 0.040 0.051 
4 0.087 0.153 0.108 0.116 
8 0.136 0.125 0.164 0.142 
14 0.179 0.154 0.193 0.175 
22 0.231 0.200 0.248 0.226 
32 0.275 0.255 0.337 0.289 
42 0.333 - 0.314 0.339 0.329 
52 0.393 0.329 0.378 0.367 
53 0.358 0.352 0.371 0.360 


* Cm Chemically analyzed concentration of sulphur in metal, wt pct. 
C, Chemically analyzed concentration of sulphur in slag, wt pet. 


B. Slag 1535——16.09 pct Al2Os, 37.46 pet CaO, 47.57 pct SiOz by weight 


Heat Number and Temperature 
ee ee SS ae ee 


qume ST-16 ST-17 Average ST-15 ST-18 Average 
Min- a 
eel 1525°C 1525°C 1525°C 1540°C 1504°C I540' 
Cn Cs Cm Cs Cn Cs Cm Cc. Cm Gi Cm Cs 
o | 0.992 | 0.020 | 0.902 | 0.020 | 0.947 | 0.020 | 0.972 | 0.020 0.945 | 0.020 | 0.959 | 0.020 
2 ; 0.10 0.16 0.138 
4 0.149 0.149 0.126 0.181 0.154 
8 0.173 0.175 0.174 0.162 0.162 
14 0.226 0.222 0.224 0.243 0.356 0.300 
22 0.285 0.328 0.307 0.390 0.461 0.426 
32 0.369 0.352 0.361 0.452 0.452 
42 0.471 0.471 
47 0.366 0.366 
52 | 0.795 | 0.497 0.497 | 0.832 | 0.547 0.547 
57 ; 0.422 0.422 
67 0.820 | 0.442 0.442 
C. Slag 1o40—11.21 pct Al2Os, 42.23 pet CaO, 47.16 pet SiO by weight 
Heat Number and Temperature 
eee ee 
ST-10 
Time 1540°C 
Minutes 
Cn Cs 
ts) 0.025 
2 0.050 
4 0.155 
sy 0.261 
14 0.380 
22 0.585 
32 0.635 
42 0.696 
52 0.750 
53 0.829 
ae ee ee 
ag : 
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sulphur to the crucible and to the sur- 
roundings was found to range from o to 
16 pct of the original sulphur addition. 
These figures were obtained from sulphur 
balances. A minimum amount of slag 
(about 0.4 g) was taken in each sampling to 
keep the weight of the slag practically con- 
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stant throughout the run. Speed of rota- 


tion (235 rpm) and temperature of the bath 
were held reasonably constant. Synthetic 
slag powders were prepared from chemi- 
cally pure oxide components by weighing 
out the proper amount of each constituent 
and then mixing, fusing and crushing. 


TABLE 2—(Continued) 
D. Slag 1540—15.14 pct AlzOs, 41.84 pct CaO, 43.02 pct SiOz by weight 


Heat Number and Temperature 


Time ST-21 ST-190 ST-20 ST-22 Average 
Minutes 1520°C 1540°C 1540°C 1540°C 1540° 
Cn Cs Cm Cs Cm Cs Cm Cs Cn Cs 
° 0.929 0.020 0.918 0.020 0.905 0.020 0.992 0.020 0.938 0.020 
2 2.078 0.050 0.144 0.007 
4 Ont32 0.18 0.186 0.211 0.192 
8 0.327 0.23 0.2096 0.272 0.266 
14 0.425 0.30 ©. 400 0.409 0.370 
22 0.520 0.68 0.507 0.633 0.607 
32 0.633 0.75 0.7506 0.767 0.758 
42 OV7SE 0.99 0.852 1.02 0.953 
52 9.748 1.08 0.978 0.877 0.978 
62 0.894 1.22 0.915 1.08 1.07 
72 0.873 1.14 5 Hee 1.08 eye a 
82 0.770 0.922 1.29 1.04 1.13 1.15 
82 5 0.721 1.19 1.19 
85 0.740 1.07 1.07 
92 3.35 T.25 
102 hea7, 1.127 
103 0.764 1.25 1.25 
I 
E. Slag 1545—16.29 pct AlzOs, 46.66 pct CaO, 37.24 pct SiO: by weight 
Heat Number and Temperature 
Pe ee ee Oe nen I ORL a 
Time ST-23 ST-24 ST-26 e 
Minutes 1525°C 1540°C 1547°C seean 


ent ae tn 4 arth en as 


ee 
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Eight slag compositions were selected for carbon content of the iron directly after 
study. The chemical compositions of these melting is given in Table re. 

slags are shown in Table 1a. The percent- DATA AND REPRODUCIBILITY 

ages of carbon and silicon in the solidified The experimental data of twenty-five 
metal ingots are given in Table 1b, and the yng are recorded in Table 2. 


TABLE 2—(Continued) 
F. Slag 1550—15.97 pct AlzOs, 51.70 pct CaO, 32.66 pct SiO: by weight 


Heat Number and Temperature 


Time ST-3 ST. 
L -35 ST-36 
Minutes 1547° 1565°C 1580eC 
Cn Cs Cn Ca Cm C. 
fo) 0.912 0.040 0.884 0.040 0.885 0.040 
4 0.15 
6 0.180 
6.5 0.508 
= 8 0.835 
9 0.683 
: 12 0.710 
14 1.53 1.53 
20 I.420 
22 1.95 2.08 
30 1.99 
7. 32 223 2.37 
40 2.14 
42 2.61 
- 50 2.32 
a 52 2.36 2.87 
<x 60 2.54 
ae. 62 2.60 2.90 
~ 70 2.64 
72 Zeit] 3.25 
m 80 2.83 
82 ; 0.761 2.85 0 880 3.38 
90 0.656 Bn25 


G. Slag 2340—23.40 pct AlzOs, 40.31 pct CaO, 35.66 pct SiOz by weight 


Heat number and Temperature 


Time ST-31 ST-32 ST-33 
Minutes 1406°C Defi spe nO 1553°C 
Mg a eee — Ee i nee Gece 
Cm Cs (Qa Ca Cin Ca 

(0) 1.025 0.045 0.045 0.874 0.045 
2 0.227 0.140 
4 0.089 0.260 0.280 
8 0.160 0.371 0.310 
14 0.244 0.465 0.420 
22 0.256 0.597 0.650 
2 0.264 0.740 0.820 
42 0.950 
43 0.240 

52 .250 1.05 
55 0.990 

62 1.05 I.10 
63 0.261 

72 I.12 Tek] 
73 0.302 

82 0.710 0.299 TIT. 

S225 . : 0.770 Trl: 
92 0.734 1.24 
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TABLE 2—(Continued) i : 
H. Slag 2838—28.or pct AlzOs, 38.22 pet CaO, 33-92 pet SiOz by. weight 


i 


Heat Number and Temperature 
Time ST-37 ST-39 ST-28* 
Minutes 1576°C 1576°C 1582°C 
RN Se ee 
Cm C. Cm 
oO 0.860 0.020 0.918 
2 0 022 
2.5 
4 0.170 
8 0.345 
14 0.470 
22 
23 0.745 
32 
33 0.910 
42 
43 1.07 
52 
53 T227 
62 
63 1.26 
72 
73 1.33 
82 0.784 
83 0.710 1.42 


* ST-38, crucible stationary 


For each slag composition at a given 
temperature and at each sampling time, 
the chemically analyzed sulphur concen- 
trations from the parallel runs were 
averaged, and the percentage deviation of 
each individual sulphur concentration from 
this average was calculated and _ listed 
according to sulphur ranges. A total of 110 
such quantities was thus obtained for a 
statistical analysis. The results are shown 
in Table 3. 


TABLE 3—Standard Variation of Sulphur 


in Slag for Various Composition Ranges 


STANDARD VARIATION 


Per Cent S$ (PER CENT OF SULPHUR PRESENT 
2 


0.00-0. 20 6.3 
0.2I-0.40 8.6 
0. 41-0,80 rhe 
0.8I-1.0 a2 
I.I -2.0 1.8 
above 2.0 Zu 


The table indicates that there is inherent 
in the experimental methods an absolute 
error of 0.05 to 0.1 pct S in the slag, which 
becomes large in percentage at low sulphur 
ranges. Much of this may be attributable 
to limited sensitivity of the analytical 
methods employed. Other factors con- 


tributing to this variation may be (1) 
errors in temperature and time measure- 
ments, and (2) slag inhomogeneity. 


INTERPRETATION OF DATA 


The rate curves for the eight slags at 
various temperature levels are given in 
Fig 2, 3, 4, and 5. (For parallel runs the 
average is plotted). The same rate curves 
for five slags at 1540°C are reproduced in 
Fig 6 for purposes of comparison. It is 
apparent from the rate curves that the rate 


of transfer of sulphur from metal to slag — 


increases with increasing basicity of the 
slag. 

Assuming that the rate of transfer of 
sulphur from metal to slag is proportional 
to the concentration of sulphur in the metal 
phase and that from slag to metal is pro- 
portional to the concentration of sulphur 
in the slag phase, we may write the follow- 
ing equation for the net transfer of sulphur 
from metal to slag: 


dW dC.S 
"ay ai aes AKnCn — AKC, 


or 
ac, 
dt 


A 
=> < (KinGn ads IN ACH [x] 


: dW 
- where Tie net rate of transfer of sulphur 


from metal to slag in grams 
| per minute 
“ S = weight of slag, in grams, 
. = 30 
A = interfacial area between slag 
. and metal, in sq cm = 16 
C., Cm = concentration of sulphur in 
slag and metal respectively, 
in weight per cent 
K., Km = coefficient of transfer of sul- 
phur from slag to metal and 
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from metal to slag, respec- 

tively, in grams per min. per 

sq cm per unit concentration. 

Actual measurements of A, the inter- 
facial area between slag and metal, in 


‘nineteen experiments, showed that there 


was some variation in area from one experi- 
ment to another, but since this variation 
did not follow any particular trend and was 
well within the experimental error involved 
in measuring, the area was assumed to be 
constant. The weight of the slag, S, 
although it varied by about 15 pct during 
an experiment, and Cm, the sulphur concen- 
tration in the metal, which also varied 
up to 25 pct, were assumed to be constant 


SULPHUR IN SLAG , WEIGHT PER CENT 


(6) 10 20 30 


40 50 60 80 


TIME , MINUTES 


Fic 2—RATE CURVES. 


Upper; Slag containing 15 pct Al2Oz, 30 pet CaO and 55 pet SiOz by weight. 
Corer, Slag containing 15 pct Al2Os, 35 pet CaO and 50 pct SiOz by weight. 
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in order to simplify the mathematical cal- 
culations. (These variations should be very 
small at the beginning of the run and be- 
come progressively larger during the course 
of the run.) If these assumptions are 
reasonable, then it follows that the plot of 


dC, 
TH’ 
the concentration of sulphur in the slag, 
should be a straight line with a slope equal 


the slope of the rate curves, versus Ce 


A : ? 
to — z K, and an intercept on the ordinate 


equal to = -KmCm, if Km and K, are also 


constant for a given slag at a given tem- 
dt 
at 1540°C are shown in Fig 7. The same 
plots for slags at various temperature levels 
are shown in Fig 8. The experimental points 
seem to follow a straight-line relationship 
as predicted, except a few nearing the end 
of a run. This deviation from straight-line 


perature. The — C, plots for five slags 


SULPHUR IN SLAG. WEIGHT PER CENT 


TIME, MINUTES 


Fic 3—RATE CURVES. 


Upper: Slag containing 10 pct AlsOs, 40 pct CaO and 50 pct SiOz by weight. 
Lower: Slag containing 15 pct Al2Os, 40 pet CaO and 45 pct SiOz by weight. 
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relationship will be discussed in a later 


section. 


From the slopes and the intercepts of 
these straight-line plots the K, and Ky, 
values are calculated and given in Table 4. 
In evaluating K,, the initial concentration 
of sulphur in metal (C,, at zero time) was 
used in all cases. (The initial concentration 
of sulphur in metal as chemically analyzed 
varied from 0.86 pct to 1.02 pct and aver- 
aged 0.93 pct. For experiments where the 
Cm value is not available the average value 
of 0.93 pct was used in the calculation.) 


26 
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TABLE 4—K, and K», Values 
Slag 
Designation T°C Ks Kn 

1530 1540 0.077 0.031 

1535 1525 0.088 0.042 
1540 0.0906 0.054 

2838 1576 0.054 0.00900 
1582 0.055 0.080 

1040 1540 0.088 0.076 

1540 1520 0.079 0.075 
1540 0.090 0.006 

2040 1406 0.062 0.030 
1553 0.070 0.004 

1545 1525 0.071 0.151 
1540 0.077 0.183 
1547 0.084 0.1906 
1560 6.090 0.229 

1550 1547 0.086 0.257 
15(5 0.095 0.300 
15t0 0.103 0.341 


24 


22) 


20 


18 


16) 


/4 
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SULPHUR IN SLAG, WEIGHT PER CENT 


06) 


04 


) 10 20 30 


40 


50 60 


TIME, MINUTES 
Fic 4—RATE CURVES. 


Slag containing 15 pct Al2Os, 45 pct CaO and 40 pet SiO2 by weight. 
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TIME, MINUTES 


Fic 5—RATE CURVES. 
Slags containing: 23 pct Al2Os, 40 pct CaO, 37 pet SiO» 
15 pct Al2Os, 50 pet CaO, 35 pct SiOe 
28 pct AlzOs, 38 pct CaO, 34 pct SiO» 
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Expressing the coefficients of transfer in 
terms of Arrhenius’ equation, we have: 


¥ —Qs 

Ky =—Ke,%e RT [2] 
Pe —QOm 

Jes =a K n% RT [3] 


where K,°, Km® = constants independent 
of temperature 
Qs, Om = activation energies for 
the transfer of sulphur 
from slag to metal and 
from metal to slag, 
respectively, in cal per 
mol. 
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R = gas constant = 1.987 cal 
per mol per degree K 
T = absolute temperature in 
degrees K. 
Taking logarithms of Eq 2 and 3, we 
have: 


log K, = log K,® — Roe 303RT [a] 
ia On 
K = K = 

log m log m 2 303 Re [s] 


The plots of log K.’s and of log K,,’s 


against = are shown in Fig g and 1o. The 


eS. 
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TIME , MINUTES 
Fic 6—RATE CURVES FOR FIVE SLAGS ATI 540°C, 
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: 
straight-line relationship is again followed. activation energies are: ‘ 
From the slopes of these straight lines, Qs 4 

Net ; Qs = 39,000 cal per mol | 
and Qm may be calculated. It is interesting 
Qm = 79,000 cal per mol : 


to note that the activation energies remain 
practically constant with respect tochanges The activation energy required for the © 
in the slag composition. The calculated transfer of sulphur from metal to slag 


| | 
@ /SALO; 45CaO 40S'0, 
© /5AlO; 40040 45510; ; 

S 0 /0A/l,O; 40CaO 50S/0: ; 

s © /5Al:O; 35CAO 5O0S:0, : 

S i © /5Al,0; 30CAO 55Si0; 4 
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Cs SULPHUR IN SLAG, WEIGHT PER CENT 


dC; 
Fic aaa. VERSUS C, PLOTS FOR FIVE SLAGS AT 1540°C. 


—I5Al,0, 45600 40Si0, 
ISAL OQ, 40C00 45Si0, 
—-—I5AkOs 35 CaO 50 SiOe 


x PERCENT PER MINUTE 


Fic 8— as VERSUS C. 
it s C,; PLOTS FOR FOUR SLAGS AT VARIOUS TEMPERATURE LEVELS, 
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doubles that required for the reverse 
process, that is, the transfer of sulphur 
from slag to metal. 

The K, and K,, values for the five slag 
compositions studied at 1540°C are plotted 
against the CaO/SiO: ratios in Fig 11, 
_ showing that K, remains practically con- 
stant while K,, increases very rapidly with 
- increasing CaO/SiO, ratio of the slag. 


Transfer Experiments with the More Basic. 


Slags 
A few runs were made with a slag of the 
nominal composition 15 pct Al,O3, 50 pct 
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CaO and 35 pct SiOe by weight. Consider- 
able experimental difficulties were en- 
countered in sampling. The experimental 
data are shown in Table 2, Sec. F. The 
calculated transfer coefficients are as 
follows: 


Slag 1550, Containing nominally 15 pet 
Al.O3, 50 pet Cao and 35 pet SiO2 by 
weight 


LOG K,+2 


© /5Al:0,40CaO 4550, 
© /5Al.0;45 CaO 40S/O, 


542 546 


® /5Al,0, 35 CaO 50S/0; 


4550 


554 5.58 


YT x10" 


Fic 9—Loe K, vERsus 


T 


ie PLOTS FOR THREE SLAGS. 
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The slag was analyzed chemically to give 
15.97 pct AlsOs, 51.70 pet CaO and 32.66 
pet SiO, by weight. According to the 
ternary diagram of the system CaO- 
Al.O3-SiOz, this slag has a melting point 
of about 1650°C, which is above the oper- 
ating temperature of all three runs. The 
slag, however, was observed to be molten 
in all the runs. Apparently its melting 
point was lowered by the sulphur. Al- 
though the K, and Kn values obtained 
seem to fit well in Fig 9 and Fig 11, they 
are not included in the plots. 


Transfer Experiments with High Alumina 
Slags 

A few runs were also carried out to deter- 

mine the transfer coefficients of slags con- 

46 


CA 
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taining alumina up to 3o pct by weight 
The experimental data are given in Table 2, ; 
Sec. G and H, from which the following ; 
transfer coefficients are obtained: e 


Slag 2340, Containing 23.40 pct Al:0s3, b 
40.31 pct CaO and 35.66 pet SiOz (as 
chemically analyzed) 


Slag 2838, Containing 28.01 pet Al,O03. 
38.22 pet CaO and 33.92 pet SiO: (as 
chemically analyzed) 


*ST-31, operating temperature below melting 
point of slag, which is about 1440°C. 
+ ST-38, stationary crucible. 
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© /5Al203 35 CaO 50Si0; 
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The effect of alumina in slag on the 


-sulphur transfer coefficients may be seen 


from Table 5, which shows that for a given 


TABLE 5—Effect of Alumina in Slag on the 
Sulphur Transfer Coefficients 


Chemical Composi- 
Slag tion, Per Cent by 
Desig- pees Fone Ks Km 
nation 
Al2Ox | CaO Sido 
1040 II.21| 42 23| 47.16] 1540 | 0.088 0.076 
1540 15.14| 41 84| 43.02| 1540 | 0.079] 0.096 
2340 23.40] 40.31] 35.66) 1553 | 0.070) 0.004 
2838 28.01| 38.22| 33.92] 1576 | 0.054] 0.090 


nnn EEE 


CaO concentration of the slag the sulphur 
transfer coefficients are only slightly 


affected when SiO: is replaced by Al.O3. 


It will be noted that run ST-38 was car- 
ried out in a stationary crucible while runs 
ST-37 and ST-39 were made in crucibles 
rotated at a speed of 235 rpm, other ex- 
perimental conditions being maintained 
the same. This will demonstrate whether 
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rotation of the crucible exerts a change in 
the magnitude to the sulphur transfer 
coefficients. The results are: K, = 0.055, 
Km = 0.080 from run ST-38 with sta- 
tionary crucible at 1582°C, as compared 
with K, = 0.055, Km = 0.090 from runs 


 §T-37 and ST-38 with rotating crucible 


at 1576°C, for the same slag of the com- 
position 28.01 pct Al.O3, 38.22 pct CaO 
and 33.92 pct SiOz by weight. The data 
seem to show that rotating the crucible 
will exert an influence on the shape of the 
slag-metal interface only, but not the 
transfer coefficients. This may not hold 
true for very viscous slags. 


DISCUSSION OF RESULTS 
Practical Considerations 


It is the accumulated experience of blast- 
furnace operators that a basic slag and 
high operating temperature are the neces- 
sities of good desulphurization in the 
blast-furnace. The present paper explains 
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why it is so. To elaborate the point further, 
the following items will be discussed: the 
slag phase, the metal phase, the tempera- 
ture factor, and the distribution ratio. 


The Slag Phase 


1. SLAG BASICITY: The present work 
shows that the net rate of transfer of sulphur 
from metal to slag increases very rapidly 
with increasing basicity of the slag, at least 
within the range of compositions studied; 
hence a basic slag seems to be the primary 
requisite of good desulphurization in the 
blast-furnace. Since blast-furnace slags are 
a mixture of a number of oxide components, 
the correlation between slag composition 
and slag basicity is fundamentally impor- 
tant. Unfortunately no such work is avail- 
able. It appears then that a direct 
determination of the net rate of sulphur 
transfer as influenced by changes of slag 
composition will be more practicable and 
straightforward. A review of literature re- 
veals that the work of Holbrook and 
Joseph! on the relative desulphurization 
power of blast furnace slags is the only sys- 
tematic presentation that is available to 
date. 

2. EFFECT OF SLAG COMPOSITION ON 
THE ACTIVITY COEFFICIENT OF SUL- 
PHUR IN SLAG AND METAL: In rate 
studies where concentrations of the re- 
acting phases vary over a wide range it 

will be preferable to use activities instead 
of concentrations. Thus Eq 1 may be 
rewritten: 


dw 


i = A(RmO@m ‘Se k,as) [6] 
aa o = A(Rm¥mCm — ke¥sCs) [7] 


where km, k. = coefficient of transfer of 
sulphur from metal to slag 
and from slag to metal, re- 
spectively, expressed in g 
per min. per sq cm per 


1 References are at the end of this paper. 


unit activity (instead of 
per unit concentration). 
Qm,@, = activities of sulphur in 
metal and slag, respec- 
tively. 
Ym; Ys = activity coefficients of sul- 
phur in metal and slag, 


respectively. 

From Eq 1 and 7, it follows 
Ke = Ray as [8] 
K, = Res [9] 


Since K, does not change markedly with 
changes in slag composition (see Fig 11), 
it may be reasonable to assume that within 
the range of compositions studied the 
effect of the change of slag composition on 
the activity coefficient of sulphur in slag 
is relatively small. For a given slag at a 


f dC, 
given temperature, the plot of «(Versus 


C, will be a straight line if y. does not 
change with C,. However, it will be noted 
from Fig 7 and 8 that in a few cases the 
experimental points at higher sulphur con- 
centrations deviate from a straight line. 
It is possible that at higher concentrations 
of sulphur the activity coefficient of sul- 
phur in slag decreases. The present data 
do not permit a quantitative evaluation of 
this effect. An independent determination 
of the effect of slag composition and of 


sulphur concentration on the activity co- — 


efficient of sulphur in slag, especially at 
high sulphur concentrations, is needed. 


The Metal Phase 


Bens wah ee a erin 


o~ous 


From Eq 8 we see that Km is actually — 


a product of two terms, km and Ym. In this 
study the chemical composition of the 
metal phase was assumed to be constant. 
Therefore, the change of K,» wth slag 
composition (see Fig 11) reflects actually 
a similar change of kp because Ym is now 
constant. 

It will be fruitful to determine syste- 
matically the effect of change in composi- 
tion of the metal on the activity coefficient 
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of sulphur in the metal phase. Such work 
is yet to be done. 

The effect of carbon dissolved in iron on 
the activity coefficient of sulphur in iron 
has not been quantitatively established. 
It can be reasonably concluded, however, 
from the studies of Gérrissen and of Darken 
and Larsen that the activity coefficient 
of sulphur in molten iron is increased by 
the presence of carbon.?* Thus for a given 
slag at a given temperature the higher the 
concentration of carbon is, the better will 
be the desulphurization of the metal. 

The authors do not intend to discuss 
here the effect of other foreign elements 
dissolved in iron on the activity coefficient 
of sulphur in iron. An independent deter- 
mination of this effect is needed. 


The Temperature Factor 


Since both K,» and K, are sensitive to 
temperature, it is essential to maintain the 
highest possible temperature in the blast- 
furnace where most of the sulphur transfer 
is taking place. It will also be noted that 
K,, is more temperature sensitive than K,. 
The effect of temperature on K, may be 
attributed to a combination of several 
factors: the effect on the rate coefficient 
km, and the effect on the solubility of 
foreign elements dissolved in iron, notably 
carbon, which in turn will change the 

activity coefficient of sulphur in iron, In 
so far as the rate coefficient km and carbon 
solubility are concerned, both are con- 
tributing in the same direction. This shows 
again the advantage of maintaining the 
highest possible temperature where most 
of the sulphur transfer is taking place in 
order to get good desulphurization in the 
blast-furnace. 


The Distribution Ratio 


At equilibrium, KnCn = K.C,, the dis- 
tribution ratio C./Cm of sulphur between 
slag and metal is simply the ratio Kg) Bos 
A difference in the temperature coefficient 
between K, and K, predicts a change of 


AND KENNETH M. GOLDMAN 


325 


the distribution ratio with change of 
temperature; a rise in temperature will 
give rise to a higher distribution ratio. 
This applies to cases where the metal phase 
is saturated with carbon.® 

It will be noted that a closer approxima- 
tion of the distribution ratio of sulphur 
between slag and metal can be obtained 
from Fig 7 by extrapolation to zero rates 
of transfer (dC,/di = 0). The results for 
the five slags are given in Table 6. 


TABLE 6—Distribution Ratio of Sulphur 
between Slag and Metal at 1540°C. 


R value at 
Slag 1500° 
Desig- Cso* | Cm°* | Cm* | Cs°/Cm° |(Holbrook 
nation and 

Joseph) 
1545 2.11 | 0.64 | 0.69 3.3 Sas 
1540 0.99 |} 0.82 | 0.75 1.2 Ti4 
1040 0.82 | 0.83 0.99 0.9 
1535 0.54 | 0.89 | 0.83 0.61 0.6 
1530 0.40 | 0.88 0.45 


*C.° = Equilibrium concentration of sulphur in 
slag, extrapolated from Fig 7, in wt pct. 

Cm° = Equilibrium concentration of sulphur in 
metal, calculated from a sulphur balance, 
assuming no loss, in wt pct. 

Cm = Chemically analyzed concentration of 

sulphur in metal at end of run (see Table 2), 
in wt pct. 


It can be seen from Table 6 that the dis- 
tribution ratios so obtained are very close 
to the R values of Holbrook and Joseph.’ 
Unfortunately the comparison cannot be 
carried out far enough to the basic range 
where Holbrook and Joseph found the R 
value to decrease with increase in basicity 
of the slag. Furthermore, the extrapolation 
to zero rates of transfer is correct only 
when the plot of dC,/dt vs. C, remains a 
straight line thoughout the transfer proc- 
ess. It is possible that such a plot will 
deviate from a straight line relationship 
near the equilibrium point. These ought 
to be interesting problems for future study. 


Possible Mechanism of Transfer of Sulphur 
across the Slag-metal Interface 
Color of Slags Containing Sulphur 


During the course of sulphur transfer 
experiments, it was observed that the 
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color of the slag (as quenched on a copper 
sampler) changes from near colorless, 
through green, yellow, orange, brown to 
black. In the field of colored glasses fer- 
rous sulphide is known as strong color 
producer. Colors that have been attributed 
to this compound include yellow, orange, 
brown, blue and black. Martin, Glockler 
and Wood,‘ investigating the form of 
sulphur in blast-furnace slags by quenching 
molten slags to which ferrous sulphide, 
manganous sulphide and calcium sulphide 
were added separately, reported the 
following: 

‘When ferrous sulphide was added the 
color of the slag changed rapidly as the 
sulphide addition increased. The amount 
of ferrous sulphide required to form a col- 
loid was approximately 0.03 pct. Slags con- 
taining about o.4 pct or more sulphur 
were virtually opaque. Slags containing 
approximately 0.25 pct or less sulphur as 
calcium sulphide were colorless but con- 
tained a colloidal phase. Further additions 
of calcium sulphide produced slags whose 
color varied from light yellow to deep 
orange. Slags to which manganous sul- 
phide has been added ranged in color from 
light yellow to dark brown and in sulphide 
sulphur content from 0.12 to 1.33 pct. All 
specimens contained a colloidal phase.” 

From these observations, then, it ap- 
pears that the change in the color of the 
slags investigated in the present paper was 
caused by the presence of ferrous sulphide 
in the slag. This points to the probable 
mechanism of sulphur transfer as being a 
direct transfer of ferrous sulphide. It must 
be remembered, however, that what is ob- 
served on quenched slags may not hold 
true for molten slags. 


Order of Reaction 


The present study seems to indicate that 
the transfer of sulphur from slag to metal 
and from metal to slag under existing ex- 
perimental conditions may be interpreted 
as first order reactions. But a first-order 


reaction may not necessarily be a uni- 
molecular one. There are reactions of 
various kinds which satisfy the first order 
equations, but actually involve more than 
one molecule: such processes are sometimes 
called pseudo-unimolecular reactions. 


Evidence Gained from Work with Radioac- 
tive Tracers* 


A few experiments were made in this 
laboratory to determine if there are other 
elements that go with sulphur during the 
course of the sulphur transfer. The experi- 
mental data seem to indicate that iron, 
for one, goes together with sulphur from 
metal to slag at the early part of the trans- 
fer process. The increase in iron content of 
the slag seems to correlate fairly well with 
the gradual darkening in color of the slag. 


Possible Controlling Reactions of Transfer 


It now seems proper to discuss the pos- 
sible mechanisms of sulphur transfer across 
the slag-metal interface. Two lines of 
thought may be offered: 


(1) The transfer is controlled by diffu- / 


sion of sulphides across the slag-metal 
interface. 


[FeS] = (FeS) 
[MnS] + (MnS) 


interface reaction. 


[FeS] + (CaO) (FeO) + (CaS)[12] 


Grant and Chipman® recently concluded ~ 


from studies on open-hearth slags that 
Eq 12 is not the controlling reaction. 


[10] } 
[11] 


(2) The transfer is controlled by an. 


-METAL INTERFACE | 
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Although the present work on Dlast-— 


furnace slags seems also to be in favor of 


the first mechanism, metallurgists should 
be mindful of many other possibilities. 
It is our opinion that much work has yet 
to be done in order to establish beyond 


question the real mechanism of transfer of © 


sulphur across the slag-metal interface. 


* Experiments of this nature are still being 
carried on in this laboratory. Results will be 
reported in a separate paper. 
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DISCUSSION 


SUMMARY 


The kinetics of the transfer of sulphur 
across the slag-metal interface under the 
existing experimental conditions may be 
interpreted as reactions of the first order. 

The net rate of transfer of sulphur from 
metal to slag increases very rapidly with 
increasing basicity of the slag. This rate 
may be mathematically expressed by two 
transfer coefficients: K,, the coefficient of 


‘transfer of sulphur from slag to metal, and 


Ky, that from metal to slag. The experi- 
mental data showed that K, does not 
change appreciably with changes in slag 
composition, while K, increases very 


- rapidly with increasing basicity of the slag. 
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Both transfer coefficients are tempera- 
ture sensitive. K,, is more temperature 
sensitive than K,. K, is increased by about 
6 pct for a ro° rise in temperature, while 


K~» is increased by about 12 pct for the 


same temperature rise. This can also be 
expressed mathematically in terms of the 
Arrhenius equation. The calculated energy 
of activation for the transfer of sulphur 
from slag to metal is 39,000 cal per mol 
and that for the transfer of sulphur from 
metal to slag is 79,000 per mol. 
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DISCUSSION 
(John Chipman and C. R. Taylor presiding) 


Y. E. Lespeprerr*—I would like to ask Dr. 
Chang a question. Did you determine in what 
form your sulphur went into that slag? Was it 
iron sulphide or what? I am just curious about 
it; I am not an iron man. 


Lo-Cuinc Cuanc (authors’ reply)—We did 
some research on this. We are not sure which 
form sulphur goes from slag to metal. We used 
some radioactive iron in the metal and deter- 
mined the rate of transfer of iron from metal to 
slag by measuring the radioactivity of the slag 
phase. There seems to be some correlation 
between the rate of increase of iron concentra- 
tion and that of sulphur concentration in the 
slag at the beginning of transfer. 

It seems to me that FeS is one of the con-. 
stituents going across the interface, but I can- 
not say FeS is the only one. 


Y. E. LesepEFr—Dr. Chang, is iron sulphide 
in this slag? 


Lo-Cuinc Caanc—When the thing goes to 
slag it probably disassociates into ions, or it 
may exchange with lime or magnesium oxide. 
I do not know precisely. 


Y. E. Leseperr—And your analysis did not 
indicate the iron, as you just stated yourself. 
That is the initial slag analysis, not the final. 


Lo-Cuinc CHaNnc—The iron is about }¥ 0 of 
I pct. 

Y. E. Leseperr—Even at the end of your 
experiment? 


Lo-Cuinc CHanc— Yes. 


C. R. Taytor—That is, even with 2 pct 
sulphur in the slag the iron is Ko of 1 pet or 
less. I think that is right. 


* American Smelting and Refining Co. 
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J. M. Garnes*—I would like to ask Dr. 
Chang one question. Dr. Feild and Dr. 
Joseph brought me up to believe that the 
transfer of sulphur as it takes place in the blast 
furnace was intimately connected with the 
viscosify of the slag. Would Dr. Chang com- 
ment as to what relation his work shows exists 
with respect to the viscosity, if any? 


Lo-Cuinc CHANG—AIl the slag compositions 
we have studied are quite fluid at the tempera- 
tures of experiment. We did not do any study 
on very viscous slags. Obviously, it is not easy 
to perform the experiment. I would think that 
in a blast furnace the sulphur equilibrium is 
hardly reached, and _ the desulphurization 
process probably occurs mostly when the metal 
droplets go through the slag. A more fluid slag 
would mix better let us say, so the sulphur 
concentration at the slag-metal interface on the 
slag side would not build up very much; there- 
fore there would be a higher rate of transfer. 
For very viscous slag compositions one must 
go to high temperatures to insure a good, fluid 
slag. 


T. L. JosepH{—I have been very much 
interested in this paper, and I think it gives us 
some new concepts, or something new to think 
about, in the transfer of sulphur across the 
interface. 

I was particularly interested in the observa- 
tion that the substitution of alumina for silica 
did not seem to change the rate of sulphur 
transfer from metal to slag. 

A number of years ago, with Mr. Holbrook 
in the Bureau of Mines, I attempted to study 
the rate of transfer of sulphur from metal to 
slag in the range of composition ordinarily 
found in the blast furnace practice. We found 
that when alumina was substituted for silica, 
there was more rapid transfer of sulphur from 
metal to slag. This does not seem to be borne 
out by Dr. Chang’s experimental data. 

I am wondering just what might be responsi- 
ble for the difference in results. I would like to 
have Dr. Chang comment on this, if he will, 
please. 


Lo-Cuinc CHANG—I am fairly well ac- 
quainted with Professor Joseph’s paper pub- 


*Linde Air Products. 
+ School of Mines, University of Minnesota. 


lished a long time ago, and I think those slag 
compositions cover a very much wider range 


ws ht OO 


than ours. The variation of alumina in our 


experiments was from 10 to 30 pct. The accu- 


racy of determination of the constant Km is 


very much impaired by experimental difficul- 


ties; the errors may fall within + 10 to 20 pct. 

What we said is approximately true—that 
replacing of silica by alumina does not very 
appreciably affect the sulphur transfer coefh- 
cients. But there may be a slight effect which 
we were not able to detect. As a matter of fact, 
in the experiment with 28 pct alumina, the rate 


of transfer seems to be lower, but not enough ~ 


so to show a very definite trend. Perhaps more 
investigations using still higher alumina com- 
positions would tell the story. We can say 
there is some effect, but the effect may not be 
very great. 


T. L. JosepH—I might add that this is a 


very important consideration in that our future — 


supply of iron is ultimately going to come from 
taconite. Taconite is very deficient in alumina. 
Some modifications in practice may be neces- 


sary to compensate for a deficiency of alumina 4 


in the slag. 

However, if a lower alumina slag will de- 
sulphurize just as well as a higher alumina slag 
—for example, if a slag with 10 pct will do just 
as well as one with 15 pct—then we need not 
be as much concerned with the practical im- 
plications of these results. 

I hope in your future work you will have a 
chance to study this phase of desulphurization 
more thoroughly. 


C. E. Srms—It occurred to me that the 
slags with which Dr. Chang is working are con- 
siderably more basic than the average blast 
furnace slag, and inasmuch as alumina is an 
amphoteric material, it may be that in a dis- 
tinctly basic slag it will act entirely as an acid 
and have very little effect, whereas in a more 
nearly neutral slag it could have a greater 
effect. Would you care to comment on that? 


Lo-Cuinc CHanc—What Dr. Sims said is 


quite true. Aluminum ions may have two ~ 


coordination numbers, 4 and 6, with oxygen 
ions. In acid slags alumina will act as a base. 
As the basicity of the slag increases, an increas- 


ing proportion of the alumina will act as an — 


acid. 


__Y. E. Leseperr—I noticed in the smelting 
of nonferrous metal that if we use a high 
lime slag—let us say lead sulphates containing 
tin oxide—in a reverberatory’ type furnace, 
they usually produce a metal lower in sulphur 
than the others. 
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Joun CxHipmMAn—I want to thank, Mr. 
Lebedeff for bringing a little nonferrous informa- 
tion into these iron meetings. There is much 
that steel metallurgists can learn from other 
metallurgists and I think the reverse holds 
true. 


Some Correlations between Variables Affecting Sulphur in Blast 
Furnace Iron 


By T. E. Brower* anp B. M. LarsEn,* MEMBER AIME 
(San Francisco Meeting, February 1949) 


INTRODUCTION 


Tus discussion is based on statistical 
manipulation and evaluation of operating 
data from several commercial ‘blast fur- 
naces which include rather wide variations 
in practice. We are concerned here mainly 
with the effect of manganese on sulphur 
elimination under operating conditions in 
commercial blast furnaces, but this effect 
can be outlined more clearly by including 
certain other variables such as silicon in 
iron and slag basicity, which are all in part 
interrelated. 

Real progress in understanding all of the 
smelting-zone reactions in this process re- 
quires more laboratory studies of slag- 
metal melts similar to those in the blast 
furnace, with careful control of oxygen 
pressure. Such experimental work is very 
difficult, however, and in the meantime, 
with the present scarcity of more funda- 
mental data, such statistical trends and 
correlations as can be obtained from com- 
mercial furnace operating records may help 
in choosing laboratory test conditions as 
well as adding to our knowledge of operat- 
ing procedures. 

We do not know just why the furnace 
data are apparently so irregular that sta- 
tistical treatment of large numbers _ is 
needed to obtain accurate trends. It is 
partly caused, no doubt, by the many si- 
multaneous variables present, but there are 
perhaps also such factors as: (1) the con- 
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tinual swings up and down so characteristic 
of the process; (2) difficulty of accurate 


- sampling of co-existing phases, as well as 


(3) the presence of both equilibrium and 
rate factors as a result of the fast driving 
of the process. 

In desulphurization, for example, the 
flow of thin layers of slag and metal over 
solid coke surfaces, plus the contact be- 
tween droplets of iron falling through the 
slag layer in the hearth, would lead one to 


expect a close approach to equilibrium. On ~ 


the other hand, most of the critical part of 
sulphur removal may occur in a short time 
and distance below the tuyeres with per- 
haps an accompanying decrease in oxygen 
pressure and the concurrent reduction of 
much of the silicon and manganese, so its 
degree of approach to equilibrium may be 
quite variable. 


PROBABLE CHEMISTRY OF 
DESULPHURIZATION 


Since there is little evidence that sulphur 
atoms in the iron solution are associated to 
any appreciable extent in molecules such 
as MnS, the transfer from slag to metal and 
back again can be written:* 


(FeS) = [FeS], {r] 


hence the following reactions seem most 


probable in the slag phase, 

(FeS) + (CaO) = (CaS) + (FeO), [2] 
and, 

(FeS) + (MnO) = (MnS), + (FeO). [3] 


: * Parentheses are used here for substances 
in slag, brackets for solutes in solution in iron, 
when not otherwise indicated. 
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We should thus expect that free, or active, 
(CaO) and (MnO) plus a low concentration 
of active FeO in the slag would favor hold- 
ing more sulphur in the slag, leaving less in 
the iron. These reactions have all been 
studied in the laboratory!” and the results 
have been shown by Darken and Larsen to 
apply quite well to the distribution of 
sulphur. between slag and metal in the 
open hearth furnace, where the distribution 
: ratio of sulphur in slag to that in metal, or 


(S) 
[S] 


expresses the equilibrium. This ratio varies 
between about 2 and 14 in commercial 
open hearth operations. In the blast furnace 
it varies from about 15 to above Ioo. 
Assuming the probable reactions above, the 
following factors would seem to favor low 
[S] or high (S)/[S] values: 

1. High basicity in slag, or high CaO or 
MgO. 


iron. 

3. Low FeO in slag. 

4. High MnO/FeO ratio in slag or high 
manganese in iron. 

The true activity of (CaO), and (MgO) 
can be approximated only crudely with our 
scanty knowledge of the constitution of 
liquid blast furnace slag at 2700-2850°F. 
‘We have used the ratio 


(CaO) + (MgO) 
(Si02) 


with all terms calculated to mols per 100 g 
slag, aS an approximate measure of slag 
basicity. With few available data on furnace 
temperatures, it was assumed that [Si] 
values give a poor but approximate indica- 
tion of smelting temperatures. The true 
activity of either MnO or FeO in blast fur- 
nace slag is probably small and quite im- 
possible to approximate at present; the 
[Mn] values serve, however, as an approxi- 


12 References are at the end of the paper. 


2. High temperature, or high silicon in 
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mate measure of the effective (MnO)/(FeO) 
ratio. : 

In general, even though most of the fac- 
tors involved are difficult or impossible to 
evaluate in the blast furnace system it 
seems more than probable that the basic 
reactions and effects present are the same 
as in desulphurization in the open hearth 
bath. Thus, although we can not hope, with 
present available data, to evaluate any- 
thing quantitatively, the above background 
of theory may serve as an approximate 
qualitative guide to what may be expected 
in the way of correlations between factors 
in blast furnace operating data. 

When the slag-metal system of the open 
hearth and the blast furnace are compared, 
the latter offers both advantages and dis- 
advantages in the elimination of sulphur. 
Probable disadvantages are: 

rt. Much lower concentrations of free 
CaO and MnO 

2. Lower temperature levels 

3. Faster driving rates to limit time for 
reaction. 

Probable advantages are: 

1. Much smaller activity of FeO in slag. 
or lower oxygen pressures in the system, 

2. A probable higher level of activity of 
sulphur in the carbon-saturated iron, per- 
haps by a factor of 5 to 10, helping to make 
FeS escape into the slag. 

3. Higher values of manganese in the 
iron. 

Since in the blast furnace, the (S)/[S] 
ratios are much higher it is evident that the 
advantages outweigh the disadvantages. 
Several conditions make the blast furnace 
problem more complex, however. The ac- 
tivity of sulphur in the metal is much more 
dificult to estimate in carbon-saturated 
iron than in the nearly pure iron solution of 
the. open hearth steel bath. In the open 
hearth, temperature seems to have only a 
small effect, but ‘in the blast furnace, in 
addition to the fact that it is not measured, 
smelting zone temperature has a large 
effect, probably by increasing the free CaO 
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and MnO present in the liquid slag through 
dissociation of silicate molecules, as well as 
by accelerating the approach to low oxygen 
pressure and the rates of reaction in general. 


BLast FurNACE Data USED 


Large groups of operating data from three 
different practices were available as well as 
smaller groups or averages from a few 
others. Most of the work was done with 
data on about 1300 casts from each of two 
furnaces in one shop making basic iron and 
including about nine months of operation to 
cover seasonal variations; these data in- 
cluded: 1. On each cast: Silicon, manganese 
and sulphur in iron, average blast tempera- 
ture, average moisture in air to blowers. 
2. Daily averages of CaO, MgO, Al:Os, 
SiO2, FeO, MnO, and S in slags, and other 
general data usually recorded in operating 
records, such as coke consumption, wind 
blown, and others. 

On these data, representing what may 
be called practice X, simple frequency 
curve correlations were first tried between 
nearly all the possible pairs of variables; 
then, after selecting the significant variables 
affecting [S] or (S)/[S] values, trend curves 
and multiple correlation calculations were 
made. 

In this basic iron practice X, the MgO in 
slag varied from 4 to 7 pct and manganese 
in iron from 1.5 to 2.5 pet. Contrasting with 
this was a group of less extensive data on a 
second practice Y, (about 1200 casts tabu- 
lated) in which the MgO in slag was 8 to 12 
pet, and the manganese in iron about 0.30 
to 0.50 pct. The same data on the composi- 
tion of iron and of slag were included for 
practice Y but they did not include air 
humidity, blast temperature or certain 
other furnace variables such as tons iron 
per cast or pounds coke per ton iron, About 
1200 casts were also tabulated on a third 
practice Z with only 1-3 pct MgO in slag 
and about 0.40-0.75 pct Mn in iron. Prac- 
tice X, on which most of the work was done, 
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represents a practice common to many fur- 
naces for basic iron. 


QUALITATIVE CORRELATIONS WITH 
SULPHUR IN IRON 


Simple frequency curve pairs were made 
of sulphur in iron in groups above and below 
the mean of all variables tabulated on all 
three practices X, Y, and Z. 

In none of these practices was there any 
significant correlation between Al.O3 con- 
tent in slag and the [S] values, thus indicat- 
ing that (Al,O;) can be omitted from any 
ratio used as an approximate measure of 
slag basicity. In both the X and the Y 
practices, increase of either CaO or MgO 
in slag was related to lower [S], and increase 
of (SiO.), to higher [S]. If the data were re- 
stricted so that, approximately, one mol of 
(MgO) was substituted for one mol of 
(CaO), increasing (MgO) in practice X 
(over the range 4—7 pct (MgO)) gave a good 
correlation with lower [S]; but in practice 
Y range of (MgO) 8 to 12 pct gave a fair 
correlation with higher [S], indicating that 
around 7-10 pct (Mg0Q) is the optimum 
range. This was about the only marked 
difference between the three practices with 
respect to the factors affecting removal of 
sulphur. In nearly all other respects, the 
various furnace practices were similar as 
regards the qualitative direction of the 
various correlating factors. 

The general similarity in effect of one 
mol of MgO with one mol of CaO over a 
moderately wide range seems to justify the 
use of the ratio 


(mols CaO) + (mols MgO) 
(mols SiQze) 


as an approximate measure of basicity or 
activity of free bases. 

In practice X, for which the data were 
most complete, the following factors ap- 
peared to give a “fair to good” correlation 
with decreasing [S] values, (that is, some- 
thing like 10 to 20 pet difference or shift 
between the main portions of cumulative 
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frequency curves for groups above and 
below the mean values): 

1. Higher moisture content in air blown 
(range—3 to 1o grains per ft’). 


AVE. S* 0.0325 % 


AVE. MOISTURE#7.5Grs. 


PER CENT OF TOTAL NUMBER 
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nace temperature, but the surprising aspect 
is that the correlation is opposite to that 
expected since lower blast temperature 
correlates quite definitely with lower |S] 


[Si] LIMITED 0.81 TO 1.11% 
[Mr] LIMITED 1.66 TO 1.95% 


B-BELOW 5.8 Grs. MOISTURE 


AVE. $=0.0355% 
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MOISTURE CONTENT OF AIR BLOWN—TYPICAL BASIC IRON PRACTICE. 


2. Lower blast temperature (range— 
mainly r1oo to 1500°F) 

3. Higher silicon in iron (range—mainly 
0.5 to 1.4 pct) 

4. Higher coke per ton iron. 

5. Lower tonnage of iron per cast. 

6. Higher manganese in iron (range— 
mainly 1.40 to 2.20 pct). 

7. Higher slag basicity ratio (range— 
mainly 1.45 to 1.75). 

Except for items 1 and 2, these are all 
about as expected from the various con- 
siderations outlined above. Items 3 and 4 
are probably secondary effects related to 
the primary factor of higher smelting or 
hearth zone temperature for which no direct 
measurements were available. Item 5 is a 
secondary effect, perhaps related mainly to 
available reaction time. Items 6 and 7 are 
probably primary factors similar to smelt- 
ing or hearth zone temperature. Item 2 is 
probably a gceondary. effect related to fur- 


values, also with higher [Mn] and [Si] val- 
ues. The reason seems, however, fairly 
obvious, namely, that the blast tempera- 
ture is the main control variable used to 
regulate silicon and sulphur contents in the 
iron. Thus, when the furnace starts to 
swing toward lower [Si] and higher [S], the 
blast temperature is raised, and vice versa, 
so that it always tends to be out of phase 
with its true effect on iron composition. 
Item 1 (higher moisture content in air 
blown) is also surprising in its effect of 
lowering [S], especially since we also con- 
firmed a definite correlation between higher 
moisture and lower [Si] and [Mn] values. 
The direct correlation between all moisture 
and all [S] values is small, but when [Si] 
and [Mn] are restricted to small ranges 
near their most frequent values, the correla- 
tion between higher moisture and lower 
[S] becomes more pronounced, this is shown 
in the frequency curves of Fig 1, aouane 
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frequencies for [S] values in groups above 
and. below the mean moisture level of 5.8 
grains per ft* of air, where the casts 
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It is worth noting here that the correlations | 


with the last three factors are exactly what 
would be expected on the basis of the above 
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ON FOR GROUPS ABOVE AND BELOW THE MEAN OF 


THREE COMBINED VARIABLES; SILICON, MANGANESE IN IRON AND BASICITY RATIO. 


selected were restricted to those with [Si] 
values between 0.81 and 1.11 pet and [Mn] 
values between 1.66 and 1.95 pct. Appar- 
ently, in addition to the indirect effect of 
reaction between moisture and coke, 


to cause a lowering of hearth temperature 
with resultant decrease in [Si] and [Mn] and 
a consequent indirect tendency to raise the 
_ [S] values, there also seems to be a direct 
effect of the increased hydrogen content in 
tuyere zone gases toward lowering [S] 
values. 

This results in four probable primary 
factors related to transfer of sulphur iron to 
slag, as follows: 

Higher H.0 in blast. 

Higher temperature in bosh and hearth 
zones indicated best by silicon level in 
iron. 

Higher manganese in iron. 

Higher slag basicity. 


theory on desulphurization reactions and 
mechanisms. 


INTERDEPENDENCE OF VARIABLES 


The extent of interdependence of varia- 
bles can be shown qualitatively, or even 
roughly quantitatively, by combining vari- 
ables in simple frequency curves. For ex- 
ample, on these same data for practice X, 
we find that by selecting [S] values only on 
those casts with both [Si] and slag basicity 
low, or both high, the resultant shift be- 
tween curves is very nearly the sum of the 
shifts for each variable alone, indicating 
that silicon in iron and basicity ratio in slag 
are essentially independent with respect to 
their effect on [S]. Smilarly, the effect; of 
[Si] and [Mn] combined is only 50 to 60 pet 
of the sum of the individual effects on [S], 
[Mn] and slag basicity are some 65-75 pct 
additive; and combining |Si], [Mn] and slag 


basicity gives a large total effect on [S] 


(Fig 2) which is about 60-70 pct of the sum 
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of the individual effects of the three varia- 
bles. Moisture in blast appears as largely 
independent of the latter three variables in 
its effect on [S]. 

Such interrelationships may also be indi- 
cated by direct correlations between the 
apparently independent variables. In this 
same X practice, for example, higher [Mn] 
has a significant correlation with higher 
[Si], also with higher slag basicity, whereas 
there was only a negligible correlation be- 
tween [Si] and slag basicity. 

In most furnace practices, manganese in 
iron depends mainly on the total manga- 
nese in the burden, but also depends in part 
on furnace temperature and slag basicity, 
since high values of either seem to improve 
the recovery of manganese in iron. Slag 
basicity is determined almost entirely by 
the composition of the burden. Moisture in 
blast is an independent variable, but may 
be related to [Mn] and [Si] through its ef- 
fects on hearth temperature unless compen- 
sated for by control of blast temperature. 

Values of [Si] depend largely on the fur- 
nace temperature gradient in smelting and 
hearth zones, but may also be affected in 
part by slag composition. In practice X, 
with an intermediate MgO in slag (4-7 pct), 


[Si] was essentially independent of slag. 


basicity; in practice Y with MgO in slag 
from 8 to 12 pct, [Si] decreased with higher 
slag basicity; in practice Z, with MgO in 
slag only 1 to 3 pct, [Sil increased with 
higher slag basicity. A plausible explana- 
tion for these different correlations could be 
suggested but would be uncertain in the 
absence of direct measurements of tem- 
perature in the smelting or hearth zones. 
Indeed, it is this lack of direct temperature 
data which is our present great handicap to 
an adequate clarification of most commer- 
cial furnace data. 


QUANTITATIVE CORRELATION 
COEFFICIENTS 


The data having been analyzed qualita- 
tively to determine the three or four factors 
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which affect [S] values more or less directly, 
a fair picture of the interrelationships 
between these variables results, and the 
individual effects may be measured more 
quantitatively. The frequency curve pairs 
of Fig 3 and 4 show the effect of [Mn] and 
slag basicity respectively, on [S]. These are 
presumably close to the true individual 
effects, since in each ease the indirect effect 
of the principal associated variables have 
been largely eliminated by holding these 
variables within restricted ranges. In Fig 3, 
for example, silicon in iron and slag 
basicity would both tend to be higher in the 
group with [Mn] above its mean, so that the 
apparent shift using all data would be 
greater than the true effect of [Mn] alone. 
Here the selection is limited to casts with 
[Si] between 0.81 and 1.11 pct, and slag 
basicity ratio between 1.56 and 1.66 and 
about 350 casts still remain—enough for a 
reliable correlation. 

Correlation coefficients may be esti- 
mated from such frequency curves, though 
with considerable uncertainty, because the 
curves and arrangement of data do not 
reveal the distribution of the independent 
variable above and below its mean value. 
By first restricting the associated variables 
as in Fig 3 and 4, tabulating {S] values for 
small increments of the variable in question 
and plotting the average [S] in each incre- 
ment against the respective means of the 
other variable, one gets simple trend curves 
but with secondary effects largely elimi- 
nated by the initial restrictions. Where the 
associated secondary relationships are 
known fairly well, such a method is simpler 
than most of the methods for so-called 
“multiple correlation.” Such curves from 
our data on practice X, for [S] vs. moisture 
in blast, [Si], [Mn] and slag basicity ratio 
are shown in Fig 5, 6, 7 and 8, respectively. 
Although the points in Fig 7 suggest a 
slightly curvilinear relationship between 
[Mn] and [S], it is seen to be the greatest 
single factor, in this furnace practice. 
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In Fig 9, a similar trend curve for [Mn] 
against [S] from practice Y indicates essen- 
tially the same degree of correlation at a 
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even with the help of punch card and ma- 
chine methods is very laborious and time- 
consuming. We obtained the following 
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RANGE OF MANGANESE CONTENTS. 


much lower [Mn] range. A similar effect was 
obtained in a third practice Z, which was on 
blowing iron with a higher [Si] range. 

As a further check on the curves in Fig 
5 to 8, inclusive, selected data from 1300 
casts from practice X were also put on 
punch cards, with squares and _ cross- 
products obtained by machine methods. 


"These data were used to obtain the multiple 


coordinate equation by the method of 
orthogonal coordinates in linear regression 
given by Davis‘ and worked out for such 
cases by W. O. Clinedinst® of National 


Tube Co. 
This method of multiple correlation, 


From Orthogonal Coordinates Equation..:......+.5: 
Trend! Curve Slopes... .0.0+- oc Facies veneer mses 


equation from these data from practice Xe: 


[S] = + 0.1137 — 0.0067 [Si] — 0.018 [Mn] 
— 0.0224 (Basicity Ratio) — 0.00107 
(grains HO) + 0.00023 (Al20s). 


The negligible coefficient for AlOs 
in slag shows that it may be neglected, 
in agreement with the similar indica- 
tions from frequency curves on, three differ- 
ent practices.® 

The coefficients in this equation may be 
compared with the slopes of the simple 
trend curves (with restriction of associated 
variables) in Fig 5, 6, 7 and 8, as follows: 


Linear Regression Coefficients 
ee 


[Si] {Mn] (Basicity | Grains H20 
Ratio) in Blast 
oe 0.0067 0.0181 0.0224 0.00107 
Potty 0.0060 0.0187 0.0203 0.00092 
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The agreement here suggests that where 
the interrelationships are fairly well known 
and sufficiently large groups of data are 
available, the simpler and somewhat easier 
method of trend curves with interrelated 
variables held nearly constant (or an equiv- 
alent mathematical method) may be used 
to advantage. 
These results in general indicate that 
normal changes in these variables had 
effects roughly as follows on the sulphur 
content of the iron: 
50 points rise in [Mn] (about 1.7 to 2.2 
pct)—9 points drop in [S] 

50 points rise in [Si] (about 0.7 to 1.2 
pcet)—3 points drop in [S] 

Basicity Ratio in Slag from 1.4 to 1.7 
—6 points drop in [S] 

H.O in blast from 4 to 9 grains per ft* 
—s5 points drop in [S] 

Thus in this particular practice, man- 
ganese in iron is the largest single factor 
affecting residual sulphur in the iron, actu- 
ally causing nearly as much effect as the 
other three factors combined. It should be 
emphasized that this would not necessarily 
be true in other furnace practices. In prac- 
tice X, [Mn] appears to be predominant 
mainly because the furnace temperature 
was not so variable, whereas [Mn] varied 
rather widely, from about 1.3 to 2.5 pct. In 
the low-manganese basic practice Y and the 
blowing iron practice Z [Si] or furnace tem- 
perature and slag basicity were the main 
variables affecting [S]. Comparing low and 
high [Mn] practices as follows: 


Practice X,| Practice Y, 


Per Cent Per Cent | 
Mean [Min]. co 0 ttc oi owls 1.78 0.38 
Mie art [S}eicterrtva. ons cidgie oo 0.034 0.047 


shows an effect on [S] which is largely the 
effect of the respective [Mn] levels. Such a 
difference, however, could no doubt be 
eliminated by operating practice Y with 
a much higher furnace temperature, with a 
slag composition such as would have a 
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higher free-running temperature and greater 
effective basicity. 


SULPHUR BURDEN AND (S)/[S] Ratio 


Such comparisons as these between dif- 
ferent furnace practices are usually neither 
accurate nor satisfactory, mainly because 
of differences in total sulphur in the burden. 


The equation above for practice X ac-_ 


counts for only 40 to 50 pct of the total 


a 


te 


variation in sulphur. The largest single — 


remaining variable is the sulphur content in 
coke, which largely determines the sulphur 
burden (oo pct of total sulphur from coke); 
in this case the sulphur content in coke 
happened to vary over a rather wide range. 
Again, in the above comparison between 
low and high-manganese practices, the 
differences in mean [S] levels would have 
been much larger but for the fact that the 
increase from X to Y in slag volume was 
greater than the corresponding increase in 
sulphur from coke so that sulphur contents 
in slag are much lower in Y than in X prac- 
tice, (means of r.1 and 2.0 pct, respectively). 

Such differences in burdening and weight 
of slag per ton of iron can be eliminated by 
employing, instead of sulphur in iron, the 
ratio (S)/[S] between slag and metal, if we 
assume that the simple distribution law 
holds over the usual range of variation in 
commercial practice; (this is merely the 
assumption that if total sulphur charged 
is doubled, the percentage in both slag and 
metal will also be doubled, so that the ratio 
(S)/[S] remains constant). 

In practices X and Y, we had daily 
averages of sulphur content in slag so 
that the average ratio (S)/[S] could be 


obtained over each: 24 hr period. The fre- — 


quency curves in Fig 10 show that [Mn], 
with [Si] and slag basicity restricted has an 
effect on the ratio (S)/[S] which is essen- 
tially the same as the corresponding 
effect ‘on sulphur in iron. Simple trend 
curves as in Fig 5 to 9 can also be obtained 
for (S)/[S] as the dependent variable. Such 
points from three different practices, all on 
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basic iron and with [Mn] as the main varia- 
ble, have been plotted together in Fig 11. 
In addition to averaged points (numbers 
averaged shown in parentheses as in all 
other figures) from the X and Y practices, 
the point D represents a monthly average 
from a third practice with sulphur and 
manganese both high in the burden; (the 
respective mean [S] values for practices 
X and D were 0.034 and 0.029 pct). The 
average values of the other main variables, 
[Si] and slag basicity, are given in Fig 11 
and are fairly close together; some effect of 
temperature and slag basicity may remain, 
however, and the trend curve as drawn 
may have a slope somewhat steeper than 
the individual effect of [Mn] on the (S)/[S] 
ratio. Again it should be remembered that 
a marked increase in smelting temperature, 
giving normally a higher [Si] level and 
higher effective slag basicity, can substi- 
tute largely and perhaps entirely, for this 
dominant effect of [Mn]. This was illus- 
trated in our data on the blowing-iron 
practice Z, where a mean [Si] of 1.40 pct 
gave a mean (S)/[S] ratio of,7o with a mean 
[Mn] of only 0.55 pet. As noted above, the 
present difficulty in a more complete 
evaluation of these effects lies chiefly in the 
lack of direct measurements of furnace 
temperature in hearth and bosh zones, 


SUMMARY 


As regards the transfer of sulphur from 
iron to slag, the Al,O; content in slag has a 
negligible effect, over the usual ranges in 
commercial practice. The ratio 


(Mols CaO) + (mols MgO) 
(mols SiOz) 


appears to be a reasonably satisfactory, 
even if approximate, measure of slag basic- 


VARIABLES AFFECTING SULPHUR IN BLAST FURNACE IRON 


ity at least over an MgO range of about 4 
to to pct. 

In addition to the factors of [Si] content 
(or furnace temperature, probably) and 
slag basicity, manganese in iron has a large 
effect on both [S] and the (S)/[S] ratio. 
Under certain conditions [Mn] may be the 
main determining factor. 

Moisture content in air blown appears to 
have a direct positive effect on desulphuri- — 
zation in addition to its indirect negative _ 
effect through lowering of hearth zone tem- 
perature. Further evidence is needed, but | 
the combination of positive and negative 4 
effects may explain why this has not been 
previously noted. 
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. Regression coefficients (by the Doolittle 
method as well as by that of orthogonal 
coordinates) which tend to be propor- 
tional to the relative importance of the 
respective factors, are as follows: . 
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Tracer Study of Sulphur in the Coke Oven 


By S. E. Eaton,* R. W. Hype,* MemBer, AND B. S. Orp,* MrmBer AIME 


(San Francisco Meeting, February 1949) 


INTRODUCTION 


OnE of the most important problems 
facing the steel industry at the present 
time is that of maintaining at a minimum 


a the sulphur content of many grades of 
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steel where sulphur is known to have harm- 
ful effects on both quality and yield. The 
present outlook in this struggle to reduce 
the amount of sulphur in steel is rather 
gloomy since the sulphur content of the 
raw materials available in the United 


~ States is gradually rising, with little relief 


in sight. 

A flow sheet of sulphur in the steel 
process is shown in Fig 1. The values used 
here were obtained by averaging coke 
oven and blast furnace data at No. 5 
furnace in Cleveland and are considered 
typical for high top pressure practice. The 


sulphur evolved in the blast furnace top 


gas was obtained by difference and since 
the amount -is relatively small, little 


' significance should be attached to this 


particular value. From Fig 1 it is apparent, 
however, that coals used in the production 
of metallurgical coke represent by far the 
largest single source of sulphur in steel- 


making. As an indication of the decrease 


in quality of these coals as regards sulphur 
content the weighed average annual sul- 
phur analysis of the coals supplied to two 
different steel plants, since 1925, is plotted 
in Fig 2.1 The sharp rise since 1940 is 
strikingly apparent. 

Another indication of this trend is found 
in estimates of coking coal reserves. Thus 
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in the case of Pittsburgh seam coals avail- 
able in Allegheny, Fayette, Greene, Wash- 
ington, and Westmoreland Counties in 
Pa. as of Jan. 1937 only 25 pct of the coal 
reserves would contain less than 1.50 pct 
sulphur after washing.2? Many of these 
lower sulphur reserves have been seriously 
depleted in recent years because of acceler- 
ated war demands. Still another demon- 
stration of the increasing sulphur content 
of coals on a country-wide basis is found 
in a report by the Bureau of Mines* which 
shows a steady increase in the sulphur 
content of coke made in the United States. 
It should be noted that this increase con- 
tinues in spite of the wider use of coal 
washing in recent years. 

Sulphur occurs in coal in three forms, 
pyritic (FeS2), organic sulphur, and a small 
amount of sulphate sulphur (CaSO4). The 
sulphur is subsequently found in the coke 
in combination with carbonaceous material 
of unknown composition and as calcium 
and iron sulphides. In considering the 
general problem of sulphur elimination, 
the Republic Steel Corp. was interested 
in determining which, if either, of the two 
major forms of sulphur in coal contributes 
the greater portion of sulphur to the coke. 
Since the ratio of pyritic to organic sulphur 
varies widely. in different coals, it was 
thought that if it could be shown definitely 
that the major part of the sulphur occur- 
ring in coke originates from one of the 
two major forms of sulphur in the coal, 
it would then be possible to select with 
confidence coal which, although high in 
total sulphur, would yield coke of fairly 
low sulphur content. Using the new 
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“tracer” or “tagged atom” technique 
it appeared possible to determine quan- 
titatively what percentage of the various 
forms of sulphur found in coal persist 
through the coking operation. 
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carbonization, 25-50 pct of the sulphur 
content of the original coal passes off in 
the gas, the balance remaining in the coke. 
Early investigators considered only the 


total sulphur in this connection. However, 
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Considerable work has been done pre- 
viously on the behavior of sulphur in the 
coking of the coal, and it is well known 
that, depending on the conditions of 


this problem has been approached recently 
from the standpoint of the behavior of the 
individual forms in which the sulphur is 
present in coal. The results of two statis- 
tical studies involving forms of sulphur 
vary somewhat. Lowry® found that the 
ratio of sulphur of pyritic origin to sulphur 
of organic origin in the coke was the same 
as the ratio of pyritic to organic sulphur in 
the original coal, whereas Thiessen® showed 
that the pyritic to organic sulphur ratio 
in the coal was altered during coking and 
that 62 pct of the pyritic sulphur and 


45 pet of the organic sulphur remained in 


the coke. Powell? in his small-scale labora- 
tory investigations found that the total 
sulphur of the coal is the most important 
factor affecting the sulphur content of 
the coke. The source of this difference 
between Thiessen and Lowry may be in 
the nature of the coal used or in the differ- 


ye 
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ent operating conditions of the small-scale ” 


coke oven. This problem seemed to be 
very well suited for positive solution 
employing the new “tagged atom” tech- 
nique under typical full-scale coking con- 
ditions at Republic. 
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Radioactive tracers represent a powerful 
new tool for studying chemical and physical 
problems in research and industry. By 
the tracer technique radioactive atoms 
can be followed through complicated 
chemical reactions with instruments which 
detect the radiations emitted. The use of a 
radioactive element for tracing purposes 
is based on the fact that it is identical in 
chemical behavior with the nonradioactive 
form of the same element. The radio- 
activity of any particular element is 
completely unaffected by temperature, 
pressure or chemical reactions. Therefore 
atoms, such as sulphur, from a particular 
source may be marked or tagged radio- 
actively, mixed with other nonradioactive 
sulphur atoms of identical chemical nature 
and by the use of detecting instruments 
the amount of marked sulphur can be 
quantitatively measured in the mixture. 
Thus the two major forms of sulphur may 
be traced through the coking process in 
a manner impossible by chemical means. 

The exact composition of organic sulphur 
compounds in coal is unknown. However, 
it appears that they are uniformly dis- 
tributed throughout the coal structure. 
On the other hand, pyrites is a definite 
compound occurring in coal as particles 
from microscopic size up to large pieces. 
For this reason it was decided to study 
the action of iron pyrite sulphur during 
carbonization rather than to attempt to 
work with sulphur in the form of organic 
sulphur compounds. 

The general line of attack was to syn- 
thesize iron pyrite from radioactive sul- 


 phur, mix this material thoroughly with 


12 tons of coal, the normal charge to one 
coke oven, and trace the pyritic sulphur 
by taking samples of gas and coke, as 
well as the original coal. It was assumed, 
and this is believed to be a reasonable 
assumption, that the added radioactive 
pyrites behaved identically with the 
pyrites naturally occurring in the coal. 
Since the i sulphur content in the 
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coal used was fairly small, the action of 
organic sulphur in the coking operation 
could be estimated fairly accurately by 
difference. 

Calculations indicated that, in order to 
obtain accurate radioactive readings in 
the sulphur extracted from samples of 
coal, gas and coke, it would be necessary 
to add to the 12 tons of coal about 2.3 lb 
of radioactive FeSe prepared from sulphur 
obtained from the Atomic Energy Com- 
mission. This amount increased the sulphur 
content of the coal from the original value 
of 1.06 to about 1.065 pct which, it is 
believed, would not introduce an appre- 
ciable error by increase of the sulphur 
content. 

The activity of the radioactive sulphur 
obtained from the Atomic Energy Com- 
mission was about 4o microcuries per g 
when received. Radioactive sulphur 35 has 
a half life of 87.1 days and emits a beta 
ray, the energy of which is 0.17 Mev. This 
beta radiation emitted by the sulphur 35 
is so weak that ordinary clothing or the 
outer layer of the skin is sufficient to stop 
it completely and prevent any dangerous 
action on the body. Dr. Robley D. Evans, 
an authority on health hazards associated 


with radioactivity, gave assurance before 


the tests were made that there was even 
less danger in this experiment from radio- 
activity of the sulphur than there would 
be from chemical poisoning from the 
hydrogen. sulphide formed in the coking 
operation. 

Because of the very low penetrating 
power of this beta radiation it was impos-. 
sible to detect the presence of the active 
sulphur with a very sensitive Geiger- 
Mueller counter once the radioactive 
material had been mixed with the coal, 
the beta radiations being absorbed com- 
pletely by the coal. As a matter of fact, 
in order to overcome this absorption of 
the beta rays by other material and to 
permit measurement of the activity, the 
sulphur had to be extracted from all 
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samples of coal, coke and gas. During each 
phase of the experiment, precaution, as 
outlined by Dr. Evans, was taken to pro- 
tect all personnel from any dangers 
resulting from radioactivity. - 


DESCRIPTION OF THE EXPERIMENT 


Preparation of Radioactive Pyrite 


The first step in the experiment was the 
preparation of radioactive iron pyrite 
from sulphur obtained from the Atomic 
Energy Commission. The active sulphur 
obtained weighed 2000 g and contained 
about 80 millicuries of sulphur 35 and 
about 150 millicuries of “carrier free”’ 
phosphorus 32 as a minute chemical im- 
purity which later was eliminated in the 
synthesis of the pyrites. 

With a few minor changes, the hydro- 
thermal synthesis as described by E: ie 
Allen and coworkers® was used. The yield 
obtained by this method varied between 
go and too pct based on the iron available 
for reaction. - 

The overall reaction in this synthesis is 
as follows, where S* indicates radioactive 
sulphur: 


FeSO, 7H2O0 + NazS 9H.0 + S* 
— FeS*, + NazSO4 + 16H:20 


Actually, the reaction is believed to 
occur in two steps, the immediate reaction 
of sodium sulphide with iron sulphate to 
form ferrous sulphide and sodium sulphate 
proceeds easily, while the bomb reaction, 
the addition of the elemental sulphur to 
form iron pyrite, proceeds much more 
slowly. Since pyrite forms preferentially 
at high pH, excess sodium sulphide was 
used to give the desired alkaline medium. 
All the sulphur in the iron pyrite does not 
originate from the elemental radioactive 
sulphur added to the charge. Actually only 
about 43 pct of the sulphur in the iron 
pyrite comes from the radioactive sulphur, 
the remainder being inactive sulphur from 
the NazS.oH.O. The symmetry of the 
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FeS, molecule causes both sulphur atoms 


to be identical in chemical behavior. 

The prepared pyrite was studied under 
the microscope and by X ray diffraction 
and no impurities were detected. A slight 
trace of marcasite, but no trace of free 
iron or amorphous FeSz, was found. The 


product gave a good pyrite pattern and | 


it was concluded that the FeS was largely 
in the crystalline pyrite form which is the 
same form believed to be present in coal.® 
Chemical analysis showed the dry pyrites 
to be about 97.5 pet purity with 0.87 pct 
moisture. The radioactive phosphorous 
which had been present as an impurity 
in the original active sulphur was prac- 
tically eliminated in the synthesis of the 
iron pyrite. P*? emits a beta ray, 1.71 Mev 
and has a half life of only 14.3 days. In 
the several months’ time which elapsed 
after synthesis only the weak beta radi- 
ations of sulphur could be detected in the 
final sample measurements. 


Coal Mixing and Sampling 


In order to facilitate handling and insure 
thorough mixing, toso g (2.315 Ib) of the 
prepared iron pyrite was premixed with 
300 Ib of Republic’s normal coal mixture. 

On July 8, 1947, the coke oven experi- 


ment proper was started. Twelve tons of 


coal, the normal charge to one oven, was 
dumped from a hopper car onto the top 
platform at the end of the ovens. The coal 
mixture in use that day was as follows: 


Por 
Freeport (Russelton, Pa.)......:sseeeeeeeee 9.4 
AYO) 6 ais siclewis orcs aralays, ota /oig er cbaitias si siotsrePiean 9. 
Lower Elkhorn (from stock pile)..........- Pi 
Low volatile (Pocahontas)......-.-++eee+0> 22.6 * 


The coal was then shoveled down a chute 
into a clean, 4-cu yd cement mixer truck. 
The premix was first added and the mixer 
run while the raw coal was being added 
to insure adequate mixing. During the 
mixing operations all personnel handling 
either the pyrite or the premix were 
equipped with dust masks to minimize 
the possibility of inhaling the active 
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material. About 50 lb of dry ice (CO2) was 
added to each load to lower the explosion 
hazard of the finely divided coal in the 
mixer. After all the raw coal was added, 


ORIFICE PLATE 


PRESSURE DROP 


MANOMETER 


OVEN 
Fic 3—GAs SAMPLING AND METERING APPARATUS FOR SULPHUR TRACER EXPERIMENT. 


mixing was continued for at least 20 min. 
The mixer truck was weighed on large 


platform scales to determine the amount 


of coal added. A gross sample was taken 
from each load as described below. This 


procedure was repeated three times in 


order to mix the entire twelve tons of coal 
in three batches as follows: 


TaBLE 1—Mixing and Sampling Data 


wee mes ht Sample Net 
Coal | Premix| Weight | Weight 
Tata ibe tele Dee Oe Oks 9400 O7 4II 9086 
and load.......-- 8903 97 274 8726 
ard load’... ..:+-.+ 6103 97 274 5926 
Unmixed coal..... 450 450 
MO taltaale «scons 24,856| 291 959 24,188 


About 450 lb of coal were left in the waste 
coal elevator bin to make up for the rather 
large portion of the mixed coal taken for a 
sample. By oversight this raw coal was 
charged to the oven without any premix 


| being added to it. To overcome this error 
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a small calculated correction was applied 
later to the coal activity readings. 

After mixing, each load was dumped 
into the waste coal elevator bin and a 


SCRUBBING 
BOTTLES 


GAS MAIN 


fe} 
BY-PRODUCT 
PLANT 


SIPHON METERING 
BOTTLES 


shovelful of the mixed coal taken from the 
stream every 20 sec to obtain a truly 
representative sample from each mixer 
load. The weight of sample taken from 
each load is shown in Table 1. A final 
too-lb composite sample was made by 
mixing the three gross samples in pro- 
portion to the weight of the coal in each 
load. The 100-lb composite sample was 
then run through a Jones splitter to obtain 
a representative sample which was used 
for all subsequent coal analyses. 

The coal after sampling was loaded on 
the waste coal elevator and reloaded back 
into the hopper car preparatory to charging 
the oven. 


Gas Metering and Sampling Apparatus 


The upcomer and gooseneck from the 
oven had previously been adapted for 
metering, sampling and taking gas tem- 
peratures as shown in Fig 3. A 434 in. 
diam orifice plate was inserted between 
the upcomer and gooseneck in order to 
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create a pressure drop for the purpose of 
measuring the flow of gas. The pressure 
drop lines were connected to a manometer 
capable of reading directly to an accuracy 
of 0.02 in. of differential water pressure. 
Gas samples were taken from a 3-in. 
pipe line and passed through an absorption 
train by means of two 5-gal calibrated 
siphon bottles. The absorption train con- 
sisted of three 16-0z gas scrubbing bottles, 
each being about half full of the standard 
ammoniacal cadmium chloride solution 
used in the plant laboratory for H.S deter- 
minations. After taking a gas sample, the 
first two scrubbing bottles of the absorption 
train were combined to make up a single 
sample. The third bottle was used in the 
train to determine whether any H2S was 
passing the first two bottles. No cadmium 
sulphide precipitate was ever noticed in the 
third bottle indicating complete removal of 
H.S from the gas in the first two scrubbers. 


The Coking Run 


At 2:00 A.M. EST July 9, 1947, the 
24,188 lb of mixed coal was charged to 
No. 56 oven which at the time was oper- 
ating on approximately a 16-hr coking 
schedule with a 2450°F flue temperature 
and producing about 10,500 cu ft of coke 
oven gas per ton of coal. The covers and 
vents were closed at 2:05 A.M. and the 
run started. 

During the coking period, gas samples 
were taken as often as possible; 20 to 30 
min. were required per sample and several 
times it was necessary to clean the sampling 
line which had become plugged with tar. 
A volume of 1.32 cu ft of gas was taken 
for each of 21 samples. The pressure drop 
readings across the orifice were taken as 
well as gas temperature readings. How- 
ever, during run the temperature readings 
were suspected to be in error and when the 
thermocouple was removed for inspection 
it was found to have been damaged. 

At 5:35 P.M. the coke was pushed and 
appeared quite normal to most of the 
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Republic personnel present, although the 
foreman thought it looked “green.” This 
means that the coke looked as though it 
had not been completely carbonized. 
Immediately after pushing it was quenched 
with additional water to make sure it 
would not catch fire before it could be 
weighed and sampled. 


Coke Sampling 


After standing for about 11 hr, the 
coke was weighed and a sample taken 
immediately for moisture determination. 
The coke weighed 23,100 lb and contained 
17.65 pct moisture. This unusually high 
moisture resulted from the large amount 
of extra water which was used in quenching 
the coke and from the fact that it rained 
during the night. _ 

In order to obtain a_ representative 
sample, the coke was sampled from the 
conveyor belt. The coke dock and belt 
were first cleaned and the coke dumped 
on the dock which feeds the belt. A gross 
coke sample of 598 lb was taken by 
stopping and completely clearing a section 


of the belt every 20 sec for a total of 9 — 


samples. In this way, a representative 
sample of fine as well as coarse material 
was obtained. The gross coke sample was 
then crushed by hand and run through a 
riffler to obtain a sample which was used 
for all subsequent coke analysis. 


ANALYTICAL WORK 
Coal and Coke Analyses 


The samples of coal and resulting coke 
were analyzed at Republic’s laboratory 
for moisture, volatile matter, ash and total 
sulphur by the standard methods employed 
by many steel companies. The peroxide 
fusion method was employed by Republic 
in the determination of total sulphur. 
Since the main interest here is sulphur, 
the total sulphur determinations were 
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D. Little, Inc. and later by the Bureau of 


Mines and both results’ checked closely 
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with Republic’s determinations. The re- 
sults are shown in Table 2. 

Volatile matter in coke generally runs 
about 1.0 pct at Republic. The high per- 
centage of volatile matter in the coke 
indicates that the coking of this coal may 
have been incomplete. 
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Gas Analysis 
During the coking run known volumes 
of gas were scrubbed with ammoniacal 
cadmium chloride to precipitate the sul- 
phur as cadmium sulphide. These cadmium 
sulphide gas samples were purified by 
evolving the H.S into fresh ammoniacal 


TABLE 2—Coal and Coke Analyses 


Coal Mixture Coke 
Republic, | A.D.L., | Buteau of) Republic, | A.D.L., | Bureatt of 

Pct Pct Pct Pct Pct Pet. 

PGS CMTE cit aletess eharcue aes soe de wie tle 3.95 17.65 

: . Dry Basis Dry Basis 
PeVolatile matter ......ec.sesee cee ees 28.75 2.890 
Bia eee ech ots retie rallaliay or hs) Sis), ica, brel.o, a arei 8.73 Il.71 
raha SULDEUT. cic cele aale.¢ ol .0 714) «21s sia) I.09 .07 1.06 0.90 0.91 0.91 

TABLE 3—Forms of Sulphur in Coal and Coke 

Coal Pct Lb Coke Pct Lb 
» 

Sulphate Sulphur........... --| 0.06 14 Calcium Sulphide Sulphur... . 0.04 + 0.02 8 
Pyritic Sulphur.............+- 0.45 104 | Iron Sulphide Sulphur....... 0.08 + 0.01 15 
Organic Sulphur...........-.++| 0.55 128 Carbonaceous Sulphur....... 0.79 + 0.02 150 
Motal Sulphur. >... . ccs. = 1.06 246 otal-Sulp hare ams cco oe 61 oF 0.91 + 0.01 173 
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The coal and coke samples were also 


analyzed by the Bureau of Mines to deter- 
mine the forms of sulphur present. In the 


case of coal, the forms of sulphur, sulphate, 


_ pyritic and organic were determined by the 


method approved by the Bureau of Mines 
as developed by Powell and Parr." 

The coke was analyzed by Republic, 
Arthur D. Little, Inc., and the Bureau 


of Mines for calcium and iron sulphide 
according to a method described by the 


Chemists Committee of the U. S. Steel 
Corp.!! The sulphur in combination with 


carbonaceous matter in’ the coke was 


obtained by difference. The results ob- 
tained by the three laboratories were 


_ averaged and are presented in Table 3. 
All values checked within limits shown. 


The data of Table 3 are expressed as 


4 per cent sulphur, based on dry coal and 
coke and pounds of sulphur for the whole 
_ run are as follows: 


cadmium chloride to obtain a new cad- 
mium sulphide precipitate free of tar. 
This fresh precipitate was then dried to 
constant weight, weighed and calculated 
as elemental sulphur. The residue from 
each gas sample was treated to extract the 
remaining sulphur. This value was added 
to the cadmium sulphide sulphur to obtain 
the total sulphur content of each gas 
sample. This addition was a small one 
and raised the sulphur values by about an 
average of 5.5 pct. 


Preparation of Samples for Activity 
Measurements 


The initial radioactive sulphur used in 
this experiment had a relatively low 
specific activity of 40 microcuries per g. 
Because of the large dilution of this 
radioactive sulphur with inactive sulphur 
from the 12 tons of coal, the activity was 
reduced still further. In the above analyses, 
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sulphur was recovered as barium sulphate 
and cadmium sulphide, and the diluting 
effect of the other atoms of these mole- 
cules further reduced the specific radio- 
activity of the sulphur. In order to obtain 
higher activity readings on our measur- 
ing instrument and thus greater accu- 
racy, a method was devised to obtain 
pure elemental sulphur from these sulphur 
compounds. All samples were reduced 
to elemental sulphur _ before activity 
measurement. 

In the case of the gas samples, the 
sulphur was simply evolved from CdS 
as H.S into hydriodic acid-iodine solution 
where it was precipitated as sulphur, 
according to the following reaction: 


H.S + I, 2HI + S 


Preparations of barium sulphate samples 
from the coal and coke by- the Eschka 
fusion method were repeated using 40 g of 
coal and coke to obtain enough sulphur 
for the activity measurements. The sul- 
phate obtained was then reduced and 
precipitated as cadmium sulphide,!? and 
converted to elemental sulphur by evolving 
H.S into iodine solution. 

Using large samples of coke in order to 
yield enough sulphur for activity measure- 
ments the water soluble sulphide (CaS) 
and the acid soluble sulphides (CaS and 
FeS) were separately extracted from the 
coke and reduced to elemental sulphur. 
This was done to determine the distribution 
of sulphur of pyritic origin in the calcium 
sulphide, iron sulphide and the carbo- 
naceous sulphur of the coke. 


Radioactive Standards 


The per cent of sulphur which was of 
pyritic origin in the sulphur samples from 
the gas and coke was calculated from the 
radioactivity of these samples, the radio- 


activity of the coal sulphur samples : 


(o.22 units) and the per cent pyritic in 
coal sulphur (42 pct) as follows: 
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Per cent pyritic in sample sulphur = 
activity of sample sulphur as 
This calculation is based on the fact that 
measured activity is directly proportional 
to the per cent radioactive sulphur present. — 
To illustrate this, a series of sulphur 
standards containing known amounts of 
radioactive pyritic sulphur was prepared. 
The standards contained percentages of 
from 0.1 to 1.0 pet radioactive sulphur in # 
total sulphur. The radioactive sulphur in 
these standards was obtained by reducing 
the sulphur from a sample of the original 
active pyrities first to sulphide’ and then 
to elemental sulphur by evolving into 
iodine solution. The standards were made 
up by diluting this active sulphur with 
chemically pure flowers of sulphur powder 
and melting the mixture to insure intimate 
mixing of the active with the inactive — 
sulphur. 

An examination of Fig 4 indicates that 
the percentage of radioactive sulphur and 
therefore the percentage of pyritic sulphur 
in the sulphur of each sample are directly 
proportional to the activity reading, which 
is the normal and expected behavior at 
this level of radioactivity. 


pct. 


Activity Readings 


Activity is measured in terms of the 
number of atomic disintegrations per unit 
time. No correction has to be made in the 
case of these samples for the decrease in 
activity with respect to time, since all 
the samples contained active sulphur of 
the same age from the same original batch. 
Therefore the readings could simply be 
compared with one another provided the ; 
readings were taken at the same a 
The elemental sulphur samples and the — 
standards to be counted were each placed 
in a stainless steel cup, the inside dimeaa 
sions of which were 0.00197 in. (0.5 mm) - 
deep by 0.707 in. in diam. The powder | 
surface was “doctored” off level with the 
cup edges to produce a uniform surface. 
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This surface was kept at a fixed distance 
(about o.12 in.) from the counter window 
during all measurements. 

All the activity measurements were 
made on “infinitely thick”’ samples. For 
every beta radiating material there is a 
definite thickness of sample above which 
the number of radiations emitted per unit 
area of sample surface is constant. This is 
because of the internal self-absorption of 
the material used: Thus, regardless of 
how thick the sample is, as long as it is 
equal to or greater than this definite thick- 
ness, the same reading will be obtained 
by a counter held near the sample surface. 
“Tnfinite thickness” for the sulphur 35 
powder used in this work is less than 0.2 
mm and since the thickness of sample in all 
readings was 0.5 mm, no correction for 
thickness had to be applied. 

In making the activity measurements, all 
the standards and samples were counted 
the same day because of the decrease in 
activity which takes place with time. 
Readings were made in a constant tem- 
perature humidity room. The standards 
were counted first and after the background 
reading was subtracted a calibration 
curve was obtained as shown in Fig 4. 
The activity of the coal, coke and gas 
sulphur samples were then measured and 
the instrument checked periodically with 
a standard. Readings on each sample were 
obtained by averaging instantaneous read- 
ings taken every 5 sec for a total of 25 
readings. The coal and coke samples were 
remixed and recounted three times respec- 
tively as a precaution but the readings all 
checked very closely (+0.01 unit), the 
average being recorded in Table 4. The 
background reading, or reading obtained 
with no sample present, was measured 
frequently and always remained about 
0.02 units on the scale used throughout 
this paper. The activity of the total 
sulphur in the coal before addition of any 
radioactive pyrites was found to be the 
same as the background. This value was 
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subtracted from all readings to obtain 
the activity of the sample itself. 

A portable Instrument Development 
Laboratories Count Rate Meter, Model 
2610, employing a Victoreen bell-type 
Geiger-Mueller counter with a thin mica 
window as shown in Fig 5 was used for all 
measurements. Its readings indicate the 
relative specific activity of radioactive 
samples. 


TABLE 4—Radioactivity and Pyritic S ulphur 


Content of All Sulphur Samples 


rar ne 


Percentage 
of the 
Total 
Activity Readings | Sulphur 
Which Is 
of Pyritic 
Origin 
Coal charge to oven.| 0.22 + 0.01 units 42 
GCokecse.f onnna cea 0.21 + 0.01 units 40 
Total sulphides (Fe 
and Ca) from coke} 0.32 62 
CaS from coke...... 0.13 25 
Gas sample I...... 0.18 35 
Gas sample 2...... 0.14 27 
Gas sample 3...... 0.14 27 
Gas sample 4....-- 0.17 33 
Gas sample 5......- 0.20 39 
Gas sample 6...... 
Gas sample 7...... 0.21 40 
Gas sample 8...... 0.22 42 
Gas sample 9 0.22 42 
Gas sample 10......| 0.23 44 
Gas sample II......| 0.23 44 
Gas sample 12......| 0.24 40 
Gas sample I3.....- 0.24 46 
Gas sample 14.....-| 0.24 46 
Gas sample I5....-.- 0.24 46 
Gas sample 1 ee es 0.25 48 
Gas sample 17.....-] 0.27 52 
Gas sample 18...... 0.24 46 
Gas sample 19...... 0.19 37 
Gas sample 20......| 0.19 37 
Gas sample 21...... 0.18 35 
Combined activity 
of all the above ga 
samples (calc.)*...| 0.21 40 
Combined acid in- 
soluble residues 
from all gas sam- 
pet ees SR rere ge a 0.26 50 


* Obtained from Table 5 by comparing total per 
cent pyritic sulphur in gas, 40 pet, with per cent 
pyritic in the coal, 42 pet, above, and calculating 
activity by proportion. 

Table 4 shows the average activity 
reading in arbitrary units for each sample 
(o.1 unit = roughly 330 counts per min. 
getting through the counter window). 
The background readings (about 66 counts 
per min.) have been subtracted. In the 
case of coal the recorded activity reading 
is the average of two separately analyzed 
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samples of coal; in the case of coke three 
individual samples were analyzed and the 
average activity of these three recorded 
in the table. The individual coal and coke 
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of dry coal. The coal mixture used in 
this experiment yields an average 10,700 
cu ft of gas at 60°F and 14.7 psi per ton 
of dry coal coked. This figure was obtained 
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‘readings were within -+o.o1 of the average 
recorded. All other readings were on indi- 
vidual samples. 


CALCULATION OF RESULTS 


“The 24,188 Ib of coal at 3.95 pct mois- 
ture charged to the oven yielded 23,100 lb 
of coke at 17.65 pct moisture. One ton of 
dry coke was obtained for every 1.22 tons 


from Republic’s coke plant superintendent 
and is the average gas produced per ton 
of this coal mixture for all the ovens. On 
this basis it is calculated that 130,0co 
cu ft of gas was evolved in the present run 
measured at 60°F, 14.7 psi. 

The rate of gas evolution during coking 
of the charge is calculated from the pres- 
sure drop readings recorded during the 
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coking period and the average gas evolu- 
tion per ton of coal, using Eq 4 and 5 
below, which are derived as follows: 


Vo — Vy? = K(AP), [x] 


where Vo = velocity gas through orifice in 
ft per sec (calculated at 60°F) 

V> = velocity gas through pipe in 

ft per sec (calculated at 60°F) 

AP = pressure drop in inches H.O. 

The orifice and pipe velocities are in- 
versely proportioned to the area Ao (orifice 


TABLE 5—Rate of Evolution of Organic and Pyritic S ulphur 


Cu Ft Oven Gas 


Period (Hr) Pentr 


12,000 298 
9,300 1.0 
9,450 oO 
10,050 sy) 
10,100 2.2 
9,900 OAC} 
9,650 Zak 
9,350 2.0 
9,000 1.9 

10 8,550 1.8 
ras 

1.7 

ew 

0.9 

0.5 

0.2 


0 OI OURWNHH 
7 


II 8,050 
12 7,100 
13 5,350 
14 5,200 


15 
1st half of 16 
Total 


4,750 
2,070 cf per 0.5 hr 


129,870 24. 


nat ee Dee ee 


area) and A, (pipe area) and the ratio of 
the velocities, C, is constant, thus 


Then V,? = K’AP 3] 


The constant K’ can be calculated by 
substitution of average values for Vp and 
AP. The general form for velocity is, then: 


Vp = V K’OP; [4] 
or, with K’ evaluated, 
Vp= V/4.92AP [s] 


To reconvert V, to vol. per hr, 


3320 Vy = vol. gas in cu ft per hr at 60°F. 
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Lb Pyritic Sulphur 
Evolved Per Hr 


-2lb per 0.5 hr 


The calculated gas evolution curve is. 
plotted in Fig 6. From the determination 
of sulphur in the gas samples, the total 
sulphur grain loading in the gas was 
calculated for each sample taken during 
the coking run, as shown in Fig 7. The 
percentages of pyritic sulphur in the gas 
samples, Table 4 and Fig 8, were deter- 
mined from the activity measurements 
according to the equation given on p. 350. 
From these percentages the pyritic, and 
organic plus sulphate sulphur grain loading 


Lb of Organic and 
Sulphate Sulphur 
Evolved per Hr 


Lb of Total Sulphur 
Evolved Per Hr 


OHHH RE NNNNKNWWWNHNW 


8 5.9 
5 3-4 
8 3.8 
4 5.1 
4 5.5 
I 5.3 
.9 5.0 
.6 4.6 
2 4,2 
I 3.9 
oO 3.8 
6 3-4 
3 2.4 
3 2.2 
6 1.5 
BS | 0.5 


lb per 0.5 hr lb per 0.5 hr 


36. 60. 


of the gas was also calculated as shown in 
Fig 9 and to. The rate of evolution of 
organic and pyritic sulphur in lb per hr 
from coal was determined from Fig 6, 7, 
and 8, and is shown in Fig 11 and in © 
Table 5. 

The total sulphur balance on the run is 
shown in Table 6 as follows: 


TaBLE 6—Total Sulphur Balance on the 
Run ; 


Lb of Sulphur| Per Cent 


Goad Greresinte cts macs ale Siete 246.0 I0o . 
Coke ectava ttle ctecveta marshes 173.0 70.3 
Gas os. Cae en rca’ cates 60.4 24.5 

TROGAL Sevier aesve S'etioue 233.4 94.8 


Of the total sulphur charged in the coal 
70.3. pct was retained in the coke while 
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COKE OVEN GAS EVOLVED, CUBIC FEET PER HOUR AT 60°F, 147 PSI. 


HOURS DURING COKING 
Fic 6—CoKE OVEN GAS EVOLUTION DURING COKING OF [2 TONS OF COAL, 


ut 


{ 


<2 ie a 


Ne 


oe 
r 


re 


sie 


GRAINS OF TOTAL SULFUR PER 100 CUBIC FEET,OF GAS 


es 

= 200 

rd i MISA ne iG ck 7 O45 16.09 ylOppalien | 2s 2 13-5 14. 45 
S HOURS AFTER CHARGING 

ze : 
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24.5 pct was evolved in the gas; 5.2 pct represented in the sample. Of the total 
(13 lb) was unaccounted for. sulphur in the coal 42 pct is pyritic by 

The average radioactivity readings for chemical analysis. Therefore, by com- 
the coal and coke sulphur samples were paring the activity readings, 40 pct + 2 pct 
0.22 + 0.01 for the coal and 0.21 + 9.01 of the total sulphur in the resulting coke 
for the coke. This coal reading is corrected originated from the pyritic sulphur of the 
for the 450 Ib of unmixed coal that was not _ coal. The various origins of sulphur in the 


pate 
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coal, coke and gas, which were calculated 
from the activity measurements, are 
expressed in Table 7 in per cent of the 
total sulphur present in each case which 
originated from sulphate, pyritic or organic 
sulphur in the coal. 


TaBLe 7—Origins of Sulphur in Coal, Coke 
‘and Gas, Calculated from Activity 


Measurements 
SS eee 
Organic 
palpate ines Care Total 
rigin, rigin, * ? 
Per Cent | Per Cent Pe Per Cent 
Per Cent 
Coalintss 6 42 52 100 
Coke. * 4o + 2 | 60 + 2* 100 
Gastar 40 +.2 | 60 + 2* 100 


Table 8 shows how the three forms of 
sulphur in the coal were distributed in 
the coke and gas, and the amount of each 
that was accounted for in pounds for the 
whole run. Where pyritic or organic sulphur 


TABLE 8—Showing Distribution in Coke 
and Gas of Sulphur in Coal 


Organic 


sh: Total 

Pyritic (an 
Form Sulphur, | Sulphate*) ae 
Lb Sulphur, | Pry" 

Lb 


content of the coke or gas is listed it refers 
to sulphur of the coke or gas originating 
from the pyritic or organic sulphur of coal. 

It can be seen from Table 8 that 66 pct 


*Sulphur in coke and gas originating from 
sulphate sulphur could not be determined 
accurately without running a similar experi- 
ment in which the sulphate sulphur was tagged 
and traced. The sulphur of both the coke and 
gas originating from the sulphate and organic 
sulphur of the coal is obtained together by 
difference between total and pyritic sulphur 
and is presented in Tables 7 and 8 under 
organic sulphur, 
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of the pyritic and 70 pct of total sulphur 
of the coal remains in the coke, which is an 
insignificant difference. 

It should be pointed out that the per 
cent radioactive sulphur in the total coal 
sulphur, which can be obtained from Fig 4 
using the coal sulphur activity reading, is 
somewhat lower than that which material 
balance calculations, based on the weight 
of active and inactive sulphur, indicate 
it should be. Thus from the 0.22 activity 
reading of the total coal sulphur, the per 
cent. radioactive sulphur present in the 
total coal sulphur sample should be 0.39 
pet according to Fig 4. Since 1.12 Ib of 
radioactive sulphur was actually added 
to make a total of 246 Ib of sulphur in the 
coal charged to the oven, the per cent 
radioactive sulphur is calculated to be 
0.45 pct. This moderate difference does 
not affect the conclusions of the test but 
it is interesting theoretically to consider 
the possible causes. ' 

An error in obtaining a representative 
sample of radioactive sulphur from the 
synthesized pyrites or an error in the 
actual dilution of this active sulphur to 
make up the standards used in Fig 4 is 
possible although the dilution in preparing 
the standards was repeated with prac- 
tically identical results. Loss of the finely 
powdered (minus 100 mesh) active pyrites 
as it was being premixed is also possible. 
That about one third of the apparent loss 
of radioactive pyrites had already occurred 
by the time the premixing had been com- 
pleted was indicated by radioactivity 
measurements on a premix total sulphur 
sample. The activity of the premix sulphur 
was too high for direct measurement so 
inactive sulphur was added in the pro- 
portion of 246 parts inactive sulphur to 
1.12 parts premix sulphur to give the same 
dilution calculated to be present in the 
coal charged to the oven. The activity 
readings of these diluted premix sulphur 


samples was 0.24 corresponding to 0.43 pct 4 


radio sulphur and indicated that about 
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one-third of the apparent loss of radio- 
active sulphur had occurred in premixing. 

It is also possible that the method of 
analysis of coal for total sulphur gives 
results which are slightly low. This would 
account for the difference discussed. Some 
evidence for this is found in the above 


dilution of the weighed premix radioactive 
sulphur with an amount of inactive sulphur 
based on chemical analysis of the coal. 
The activity of the resulting diluted 
sulphur is slightly higher than that of the 
coal sulphur, possibly indicating that a 
greater dilution occurred in the coal, that 
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is the coal actually contained more sulphur 
than the chemical analysis showed. 

Fortunately, the explanation of this 
difference is not necessary for correct 
interpretation of the coke oven experi- 
ment. It is only necessary to consider one 
is starting with coal containing sulphur 
with a measured activity of 0.22 and a 
known pyritic sulphur content. The linear 
relationship existing between activity read- 
ings and radioactive sulphur contents 
allows one to calculate the per cent pyritic 
sulphur in any sulphur sample by com- 
paring its activity with that of the coal 
sulphur, which is the procedure used in this 
work. 


DIscUSSION OF RESULTS 


It is well known that coal contains 
sulphur as FeS.2, as CaSO, and as organic 
compounds, the nature of which is not 
definitely known. After coking, the sulphur 
that remains in the coke is present as FeS, 
CaS, and as sulphur combined with carbon. 
The sulphur passing off in the gas is 
largely H.S, with some gaseous organic 
sulphur. : 

Of the total sulphur charged to the oven 
in the coal 95 pct was accounted for in 
the coke and gas. Most of the sulphur 
unaccounted for is believed to have been 
lost in the gas, since the gas sampling 


~ system removed all the H2S but probably 


only part of the organic sulphur compounds 
present in the gas. Although sulphur in 
the acid-insoluble tar residue in the gas 
scrubbing bottles was determined and 
added to the total sulphur determinations 
of each sample, it is doubtful whether an 


aliquot portion of tar for each sample was 


obtained. Radioactivity measurement on 
the combined insoluble residues of the 21 
gas samples indicated that 50.0 pct of the 
sulphur present in these residues came from 
the pyritic sulphur of the coal, which is 
‘higher than the 4o pet for the bulk of the 
gas sulphur. The tar may thus account 
not only for the small loss-of total sulphur 
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but also for part of the discrepancy that 
exists in the pyritic sulphur balance shown 
in Table 8. 

From Fig 6 it can be seen that upon 
charging the oven there was initially a 
large evolution of gas. It is believed that 
when coal is charged to the hot oven the 
large initial evolution is caused by the more 
volatile constituents and by rapid coking 
of the coal adjacent to the hot walls of the 
oven. The cooling effect of the cold charge 
plus the large initial gas evolution has a 
tendency to reduce the temperature of 
the oven walls and the rate of evolution 
decreases until enough heat has been 
supplied to the walls to bring the tempera- 
ture back up and increase again the coking 
rate through the charge. Once the charge 
has been coked through, gas evolution 
starts to drop off after the more volatile 
materials have passed off. Further gas 
evolution probably results from a gradual 
increase in the temperature of the whole 
charge. ° 

From Fig 11 showing the rate of pyritic 
and organic sulphur evolution, and from 
Fig 8 and 10 showing the pyritic sulphur 
content of the gas, it can be seen that the 
organic sulphur compounds were slighty 
more volatile. At any rate, organic sulphur 
was evolved more rapidly during the first 
part of the carbonization period. The 
pyritic sulphur evolution after the initial 
dip remained more constant until late in 
the coking run. Since the rate of organic 
sulphur evolution was dropping steadily 
after the 4th hour, the percentage of the 
sulphur which was pyritic in the gas 
increased as shown in Fig 8. 

It is interesting to note from Table 3 
that the FeS content of the coke was much 
lower than would correspond to reduction 
of the FeS2 to FeS, the reaction stopping 
there. On the other hand, radioactivity 
measurements indicated that 40 pct of 
the sulphur in coke was of pyritic origin, 
more than was represented by the FeS 
present. This apparently means that the 
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pyrites of the coal used in this run decom- 
posed to FeS and some of the FeS further 
decomposed, but part of this sulphur 
remained in the coke and did not escape 
in the gas. 

From Table 4 it will be noticed that the 
activity of the water soluble sulphur of 
the coke, believed to be calcium sulphide, 
measured 0.13. This activity indicates 
that the calcium sulphide sulphur did not 
all come from calcium sulphate which was 
completely non-radioactive, but part of 
it, approximately 25 pct or 2 lb, came 
from the original pyritic sulphur, either 
directly or through the medium of car- 
bonaceous sulphur in coke which had also 
become radioactive. 

From the activity of the total coal 
sulphur, 0.22, and the known pyritic 
content (42 pct of the sulphur) of the coal, 
one can calculate the activity of the total 
pyritic sulphur in the coal to be about 
0.49. However, the measured activity of 
the combined iron and calcium sulphides 
from coke (0.32) is lower than the activity 
calculated from the above individual 
calcium and iron sulphide activities. The 
calculated total sulphide activity is 0.36. 
If one assumes that the calcium sulphide 


sulphur content of the coke of Table 4 is. 


correct at 0.04 pct the above discrepancy 
would indicate that part (about 18 pct, or 
about 3 Ib) of the sulphur of the residual 
FeS in the coke must have come from 


organic or sulphate sulphur in the coal 


because of its low activity. However, the 
experimental error of the calcium sulphide 
determination is so large that this finding 
cannot be considered conclusive. 

The most important consideration in 
regard to this experiment is the relative 
action of the two forms of sulphur, organic 
and pyritic in the carbonization of coal. 
Although the individual pyritic and organic 
rates of evolution vary considerably, final 
results show about the same proportion of 
pyritic sulphur in the gas and coke as in 


the coal (Table 8). This apparently means 
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that at the temperatures attained in 
coking the pyritic, organic and sulphate 
sulphur compounds of the present coal 
mixture are all at least partially decom- 
posed and some of the pyritic sulphur 
liberated seems to distribute itself in 
each of the forms of sulphur remaining in 
the coke. The final overall results of this 
experiment as regards the origin of sulphur 
in the gas and in the sulphur compounds 
of the coke is shown schematically in 
Fig 12. 


SUMMARY 


A study has been completed using radio- 
active tracers to determine the principal 
sources of sulphur in coke. It is generally 
recognized that sulphur exists in coal as 
pyritic, organic and sulphate sulphur. 
Since the sulphate sulphur content of 
most coals is very small, the experiment 
was designed to indicate how much pyritic 
and, by difference, how much organic and 
sulphate sulphur remain in the coke after 
carbonization. It was hoped that the 
results would then serve as a guide in the 
selective purchasing of coal to produce a 
low sulphur coke. 

Briefly, the principle used was to pre- 
pare from radioactive sulphur a small 


amount of iron pyrites which was then 


mixed thoroughly with the coal charge to 
one full-scale coke oven and the mixture 
coked under normal conditions. The course 
of the pyritic sulphur was then traced in 
order to determine the quantity evolved 
in the gas and the quantity remaining in 
the coke. 

The results which are illustrated sche- 
matically in Fig 12 indicate that on a 
typical full-scale 16-hr coking run at the 
Republic Steel Corporation, sulphur re- 
mains in the coke without regard to the 
form originally present in the coal. Thus 


with this typical coal mixture neither of the 


two main forms of sulphur is preferentially 
removed during coking. It seems reason- 
able, therefore, that with present coking 
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techniques, there would be no advantage 
in choosing coal for its high or low pyritic 
or organic sulphur content. In order to 
produce low sulphur coke, coals low in 


PYRITIC (as FeS.y 
cad 


SULFUR IN COAL 
TOTAL 246* 
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1287 
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portion of pyritic sulphur would produce 
lower sulphur coke. However, radioactive 
measurements show definitely that a con- 
siderable part of the pyritic sulphur re- 
TOTAL SULFUR 


IN GA bid 
SULFATE (as CaS0O,4) Sato 
od 


14 


NOTE’ UNACCOUNTED FOR 


total sulphur must be used. The effect 
obtained with a high sulphate sulphur coal 
cannot be judged accurately from the 
present experiment. 

There have been observed in this experi- 
ment variations in the evolution rate of 
the two main forms of sulphur but the 


total amount of each form evolved is in 


proportion to its original concentration in 
the coal. The difference in evolution rate 
suggests the possibility of using a slightly 


shorter coking period as far as sulphur is 


concerned if coal of low pyritic sulphur were 


used. 
Chemical analysis alone could not have 


_ determined from this experiment how much 


of the pyritic sulphur escaped in the gas 
and how much remained in the coke. In 


4 fact, the low FeS content of the coke 


might have been interpreted. to indicate 
that more pyritic sulphur was evolved than 
organic sulphur and this. might have led 
one to believe that coal with a high pro- 


TOTAL SULFUR IN GOKE 173” 
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mains in the coke in carbonaceous form 
and an exact measure of this effect has 
been obtained. In conclusion it should be 
stated that: 

1. In general, there is no satisfactory 
way, using present coking methads, to 
reduce the sulphur content of coke by 
choosing coal of high or low pyritic or 
organic sulphur. The results of the experi- 
ment indicate that the pyritic and organic 
sulphur appear in coke in proportion to 
their concentration in the coal. 

2. In view of the large initial evolution 
of organic sulphur observed in the experi- 
ment, coals containing large amounts of 
organic sulphur and small amounts of 
pyritic might be coked for a slightly shorter 
time to produce coke containing a given 
percentage of sulphur. Coals high in pyrite 
sulphur would have to be coked for a 
slightly longer period of time to obtain 
the same results. : 

It must be clearly understood that the 
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observations made here represent results 
obtained from one coking run using one 
set of conditions and one coal mixture. A 
duplicate experiment has since been run 
on a small movable wall test oven using 
the same coal mixture with identical 
results with respect to total sulphur. How 
the nature of the sulphur compounds in 
other coal mixtures would change the 
picture is not known. Coking at a different 
temperature or with a different moisture 
content coal could also change somewhat 
the results obtained. 

As far as is known this experiment is 
the largest scale tracer study ever under- 
taken, and is the first utilization of tracers 
in investigating the complicated reactions 
in the coking process. It shows the value 
of the use of radioactive isotopes in the 
study of process metallurgy and it is hoped 
that it will stimulate further research 
in this field in which so much remains 
unknown. 
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Anisothermal Formation of Bainite and Proeutectoid Constituents 
in Steels 


By Leonarp D. Jarre,* Junior Memper AIME 


(New York Meeting, February 1048) 


In recent years, the advantages of tem- 
pered martensite as a microstructure for 
steel parts have been well established. For 
parts that must not fracture brittlely when 
loaded at high rates, at low temperatures, 
or under conditions of combined stress, 
tempered martensite is especially desirable. 

One of the factors that determine whether 
a steel part will have a martensitic structure 
after heat treatment is the hardenability 
of the steel. Despite the large amount of 
recent research, there are still many 
unsettled basic questions concerning 
hardenability and its relation to chemical 
composition, and, indeed, considerable dis- 
agreement among investigators in the field. 
Much of the uncertainty that beclouds the 


existing knowledge of hardenability arises 


from the fact that hardenability is still a 
wholly empirical concept, and has not been 
quantitatively related to the more funda- 
mental knowledge of isothermal decompo- 
sition of austenite. Hardenability _ is, 
essentially, a measure of the time required 
for small percentages of austenite to decom- 
pose, during continuous cooling, to pearlite, 
bainite, proeutectoid ferrite, or proeutec- 
toid carbide. In the practical heat-treat- 
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ment of steel, also, the decomposition of 
austenite is usually not isothermal but 
rather during cooling, or, in general, is not 
at a single constant temperature. Thus, 
both hardenability and practical heat 
treatment involve anisothermal decomposi- 
tion of austenite. 

In a previous publication! the author and 
his collaborators outlined the principles 
that govern the relations between isother- 
mal and anisothermal decomposition of 
austenite, and reviewed the experimental 
information available in 1945. To avoid 
repetition, familiarity with that article 
(Paper 1) will be assumed, and attention 
given primarily to work carried out or pub- 
lished since 1945. 

The method generally employed was ex- 
plained in Paper 1: anisothermal transfor- 
mation is studied through investigation 
of the effect of holding austenite at one 
temperature upon its subsequent decom- 
position at another temperature. Both 
temperatures are below the stability range 
of the austenite. This paper is confined to 
studies in which only a small amount of 
transformation occurred at the first tem-. 
perature. This is the only case of impor- 
tance in practical heat treatment when an 
essentially martensitic structure is sought. 


MATERIALS AND PROCEDURE 


It was necessary to use different steels 
for the studies involving proeutectoid 
ferrite and for those involving proeutectoid 
carbide, because the two constituents have 
not been found to form in the same steel. 
Several steels were tried and rejected 
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because of excessive banding. Two which 
were only slightly banded and which started 
to transform in both the proeutectoid and 
bainite ranges in convenient lengths of 
time were finally selected. 

A suitable hypoeutectoid steel was found 
in the form of a large forged block of the 
following composition: 


| | — | —— 


All furnaces were controlled to +3°C. 
Times in the furnaces were controlled 


manually to +1 second for times up to 10 — 


min. and to +1 min. for times over 1 hr, 
with intermediate accuracy for inter- 
mediate times. Previous work indicated 


wy Ma ere 


that approximately 2 sec after immersion — 


were required for specimens to reach essen- 


Cu Al N cats 


0.30 


This steel will be referred to as 4330, even 
though it is somewhat outside the specifica- 
tion limits for SAE 4330. Specimens 
5g X 546 X 0.040 + 0.005 in. were cut 


from the block. They were then electro- 
plated with approximately 0.003 in. of 
nickel on each surface, to reduce subsequent 
decarburization during heat treatment. 

A hypereutectoid steel of the following 
composition was selected: 


—————|§ —_— | —————_ | —__—_— 


From a %¢-in. bar of this steel, which will 
be referred to as 43100, discs 0.040 + 0.005- 
in. thick were machined and cut in half 
along a diameter. The specimens were then 
plated with 0.003 in. of nickel. 

For studies of anisothermal decomposi- 
tion, the specimen was austenitized in 
purified nitrogen, transferred to a metal 
‘bath at the first transformation tempera- 
ture and kept there for the desired time, 
transferred to a metal bath at the second 
transformation temperature and kept there 
for the desired time, and finally quenched 
in cold water. For studies of isothermal 
transformation, the second bath was 
omitted and the specimen was quenched in 
water directly from the first bath. For de- 
termination of martensite-start tempera- 
tures, the Greninger-Troiano technique? 
was used. 


0.85 


0.30 | <o.o01 0.12 | 0.005 | 0.005 | 0.0004 
tially the temperature of the metal bath. 
Less than 1 sec was required to transfer 
specimens from furnace to furnace or 
quench. These times were generally negligi- 
ble. As a check, anisothermal runs were 
made in which the time in the first bath was 
only 2 to 5 sec. 

It was decided to base all computations 
upon the time necessary for the formation 


of 1 pct of transformation product.* The 


Al 


N B 


0.06 | 0.025 | 0.005 | 0.0006 
times necessary for the formation of smaller 
percentages were too sensitive to segrega- 


tion effects. With larger percentages, 


composition changes in the bulk of the un-- 


transformed austenite would be likely to arise 
from diffusion of carbon to or from the 
transformation product. To aid in esti- 
mating the time at which 1 pct transforma- 
tion had occurred, standard drawings were 
made showing typical forms and distribu- 
tions of the various transformation prod- 
ucts. In these drawings the transformation 
products occupied 1 pct of the area. The 
microstructure observed in each specimen 
was compared with the appropriate draw- 
ing. All comparisons were made by the 

* Since the density of austenite is practically 


equal to that of any of the transformation 
products, the formation of 1 pct transformation 
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product was considered equivalent to. trans- . 


formation of I pct austenite. 
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same observer. Either the entire polished 
surface (excluding decarburized edges) or 
about ten representative areas were ex- 
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work. The times for 1 pct isothermal 
transformation, with which the anisother- 
mal data are to be compared, are listed in 


PROEUTECTOID 
FERRITE 


~--.- 


TEMPERATURE, °F , 


10,000 


Fic 1—IsOTHERMAL TRANSFORMATION DIAGRAM. 4330 STEEL. 
Austenitized 15 minutes at 1095°C. Times shown are for 1 per cent transformation. 


amined. The accuracy of this method, while 
not great, appeared to be sufficient in view 


of the variability arising from segregation 


and other factors. The method had the 
advantage of rapidity, which was needed 
because more than 1200 specimens were 


~ studied. The precision of the times deter- 


mined for 1 pct transformation is believed 
to be about 5 pct. 


AUSTENITIZING AND ISOTHERMAL 
TRANSFORMATION 


For the 4330 steel, 15 min. at 109 5°Cwas 
found to give a grain size of ASTM 1-3 
with occasional larger grains, and no un- 
dissolved carbides. This austenitizing treat- 
ment was selected for the remainder of the 


Table 1. Fig 1 shows the corresponding 
isothermal transformation diagram. 
An austenitizing treatment of 15 min. 


TaBLE 1—Time Required for Isothermal 
Decomposition of 1 Per Cent Austenite—4330 
Steel 


Austenitized 15 minutes at rog5°C 
ie ae ee ee 


US een Time Product 
700 Over 24 hr Ferrite 
650 460 min Ferrite 
593 450 min Ferrite 
550 ver 24 hr Ferrite 
510 Approx. 120 min Bainite 
483 60 sec Bainite 
455 34 sec Bainite 
400 4I sec Bainite 
350 60 sec Bainite _ 
335 (Ms on cooling) Martensite 
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at 1150°C was standardized for the 43100 
steel. This produced a grain size of ASTM 
2-4, with a few larger grains (ASTM 1), 
and no undissolved carbides. Table 2 gives 
the times required for 1 pct isothermal 


PEARLITE 


~ 
~ 


a 


TEMPERATURE, °C 


MARTENSITE MINUTES 


. TIME IN SECONDS 
Fic 2—IsOTHERMAL TRANSFORMATION DIAGRAM. 43100 STEEL. 
Austenitized 15 minutes at r150°C. Times shown are for 1 per cent transformation. 


transformation. Fig 2 shows the isothermal 
transformation diagram. 


FERRITE-BAINITE REACTION 


In Table 3 are summarized the findings, 
in the present investigation, concerning the 
effect of holding austenite in the ferrite 
range upon the subsequent time required 
for formation of 1 pct bainite.* It is clear 


*In interpreting the tables, it should be 
remembered that the ‘‘fractional time’”’ is de- 
fined as the actual time that a steel is held at 
constant temperature divided by the time for 
1 pct isothermal transformation at that tem- 
perature. A reaction is considered additive (for 
small amounts of transformation) if 1 pct 
transformation occurs when and only when the 
fractional time, added or integrated over the 
various temperatures of anisothermal reaction, 
is equal to one. 


a: 
~W 


that, for the 4330 steel studied, holding in 
the ferrite range accelerates subsequent 
formation of small percentages of bainite, — 
and accelerates it so greatly that the reac- 
tions are not additive. 


PROEUTECTOID 
CARBIDE 


1000 


~ 


r | 


800 
BAINITE 


TEMPERATURE, °F 


400 


10,000 


Taste 2—Time Required for Isothermal 
Decomposition of 1 Pct Austenite—43100 
Steel 


Austenitized 15 minutes at 1150°C 


Time 


ant eaeeiell "as eet it NM 


Temperature, 
°C Minutes Product 
725 105 Carbide 
700 60 Carbide 
675 29 Carbide ; 
650 15 Carbide & Pearlite 
593 6 Pearlite 
550 6-10 Pearlite 
510 15-25 Pearlite 
455 13 Bainite f 
400 5 Bainite 
350 1244 Bainite 
300 30 Bainite 
250 74 Bainite 
200 Over 360 Bainite 
160 (Ms on cooling) | Martensite 
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This result is in accord with those of 
Hollomon, Jaffe and Norton! for their sam- 
ples austenitized at 925°C and of Grange.’ 
The acceleration found is more marked 
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1095°C and by Manning and Lorig‘ for 
their samples held in the ferrite range -at 
620°C. It is in contradiction to the results 
obtained by Manning and Lorig for their 


20 40 70 100 


TIME IN FERRITE RANGE, MINUTES 


Fic 3—EFFECT OF HOLDING IN FERRITE RANGE UPON TIME FOR SUBSEQUENT FORMATION OF ONE 
PER CENT BAINITE. LOGARITHMIC SCALE. 4330 STEEL. 


than that reported by Hollomon, Jaffe 
and Norton for their samples austenitized at 


Taste 3—Effect of Holding Austenite in 
Ferrite Range upon Time for Formation 
of 1 Pct Bainite—4330 Steel 


Ferrite Range Bainite Range 


Sum of 
Frac- 
Min- | Frac- Frac tional 
oe utes tional for i pct] tional Times 
Held Time Time 
650 (0) (0) I I 
650] Ka 0.0002 I.05 1.05 
650 6 0.01 1.00 I.O1 
650 30 0.07 0.67 0.74 
650 65 0.14 0.53 0.68 
650 (0) fe) I IT 
650} Ke 0.0002 0.94 0.94 
650 6 0.01 0. 88 0.89 
650 13 0.03 On 7k 0.74 
650 65 0.14 0.47 0.61 
650 fo) (0) I I 
650 30 0.07 0.61 0.68 
650 65 0.14 0.49 0.63 
593 o ° I I 
593] M2 0.0002 I.00/|* 1.00 
593 150 9.33 0.50 0.83 


samples held at 760 and 700°C. Hollo- 
mon, Jaffe and Norton used the steel 
employed in the present work, and their 
austenitizing temperature of 1095°C coin- 
cides with that of this investigation. It 
seems unlikely, therefore, that the differ- 
ence in results is attributable to a real 
difference in behavior of the steel. The same 
is true of the divergency between the find- 
ings of Manning and Lorig and those 
reported herein, for the steels and transfor- 
mation temperatures employed are rather 
similar. It appears possible that the differ- 
ing conclusions arise from less rigorous 
experimental techniques used in the earlier 
studies, such as consideration of the time 
for appearance of the first trace of bainite 
rather than 1 pct, and, in some cases, fail- 
ure to run tests in duplicate. 

The results given in Table 3 are plotted 
on a logarithmic scale in Fig 3. It will be 
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seen that straight lines are obtained, and 
that the lines for the various temperatures 
of bainite formation are parallel. This indi- 
cates that the time held in the ferrite range, 
ty, and the time for formation of 1 pct 
bainite in the bainite range, , are related 
by an equation of the form t/tos = A) tay ity 
where t.» and fs are constants dependent 
upon the temperatures used and » is 
approximately 4.1. Too much significance 
should not be attributed to this equation, 
since no theoretical justification has been 
found for it, and the equation breaks down 
at values of fy and f approaching those 
necessary for 1 pet transformation under 
isothermal conditions. Nevertheless, the 
equation should prove useful for practical 
computations. 

For a fixed time of hold at 650°C, Fig 3 
indicates that the times required for 1 pct 
transformation to bainite at 483, 455, and 
400°C, are in the ratio 1.6: 0.8: 1. The times 
for 1 pct isothermal transformation at these 
same temperatures (Table 1) are in the 
ratio 1.5:0.8:1. The agreement is close 
enough to suggest that holding in the ferrite 
range accelerates formation of small 
amounts of bainite by a percentage which is 
independent of the temperature at which 
the bainite forms. 

The time in the ferrite range required to 
accelerate the bainite reaction (at 455°C) to 
a given extent is three times as great for a 
ferrite-range temperature of 593°C as for a 
temperature of 650°C. The time for iso- 
thermal formation of 1 pct ferrite at 593°C 
is practically equal to that at 650°C. Thus, 
the acceleration produced by holding in the 
ferrite range does not depend solely upon 
the fractional time in this range. It will be 
necessary to obtain further information 
concerning the dependence of the accelera- 
tion upon the temperature of holding in the 
ferrite range before quantitative considera- 
tion of the ferrite-bainite effect under 
conditions of continuous cooling becomes 
possible. 

That holding austenite in the ferrite 


range would accelerate its subsequent 
transformation to bainite is certainly to be 
anticipated, as was pointed out in Paper 1. 
Why the acceleration of the bainite reaction 
should be greater than that corresponding 
to additivity is not evident. The explana- 
tion may lie in the differing kinetics of the 
ferrite and bainite reactions. Thus suppose 
that the rate of nucleation is smaller, com- 
pared to the rate of growth, for the bainite 
reaction than for the ferrite reaction. Then 
the presence of a few nuclei would acceler- 
ate the bainite reaction more than it would 
accelerate the ferrite reaction. 


BAINITE-BAINITE REACTION 


Table 4 shows, for the 4330 steel, the 


newly observed effects of holding austenite 


Tasie 4—Effect of Holding Austenite at One 
Temperature in Bainite Range upon Time 
at a Lower Temperature for Formation 
of 1 Per Cent Bainite (Total) —4330 
Steel 


ee ee 
First Temperature |Second Temperature 
Sum of 
eg 
Frac- Seconds| Frac- | #on@ 
G Sete tional | °C |for 1 pet] tional Times 
Time Bainite| Time 
483 t) C) 455] 34 I I 
483 20 0.33 | 455 26 0.76 1.09 
483 40 0.67 | 455 18 0.53 1.20 
483 [e) oO 400 41 I r 
483 20 0.33 | 400 39 0.95 1.28 
483 40 0.67 | 400 30 0.73 1.30 
455 oO o 400 41 I I 
455 10 0.29 | 400 35 0.85 tt 
455 20 0.59 | 400 21 0.51 T.xO 


at one temperature in the bainite range 
upon the subsequent time required at a 
lower temperature for formation of a total 
of 1 pet bainite. The results are plotted 
in Fig 4. As the table demonstrates, holding 
at the higher temperature slows to some 
extent the subsequent reaction at the lower 
temperature, so that the times are not 
additive. The greater the difference between 
the first and second temperatures the 
greater is the retardation of the reaction. In 


none of the cases examined, however, was — 
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the retardation great enough to increase the 
time at the second temperature over that 
required under isothermal conditions. With 
greater differences between the first and 
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times are additive within the limits of ex- 
perimental error. 

Holding austenite of the 43100 steel at 
one temperature in the bainite range was 


TIME AT FIRST TEMPERATURE, SECONDS 


Fic 4—EFFECT OF HOLDING AT ONE TEMPERATURE IN BAINITE RANGE UPON TIME AT A LOWER 
TEMPERATURE FOR FORMATION OF ONE PER CENT BAINITE (TOTAL). 4330 STEEL. 


second temperatures, this might very well 
occur. In previous work on an 0.30 pct car- 
bon steel by Manning and Lorig,’ the 
accuracy was not sufficient to determine 
whether the reaction was additive or a 
slight retardation occurred. 

The results of the converse experiment 
on the 4330 steel—holding austenite at one 
temperature in the bainite range and deter- 
mining the subsequent time required at a 
higher temperature for formation of 1 pct 
bainite—are presented in Table 5 and Fig 
5. For a first temperature of 45 BO ca nGads 
second temperature of 483°C, a slight re- 
tardation appears to have taken place. For 
the other temperature combinations, the 


TABLE 5—Effect of Holding Austenite at One 
Temperature in Bainite Range upon Time 
at a Higher Temperature for Formation 
of 1 Per Cent Bainite (Total)—4330 


Steel 
First Temperature] Second Temperature 
Sum of 
Frac- 
Sec- | Frac- Seconds Frac- | tional 
°C] onds | tional} °C | for1pct| tional Times 
Held | Time Bainite Time 
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found to retard markedly the subsequent 
transformation to bainite at a lower tem- 
perature. As Table 6 indicates, holding the 
steel at 455°C, for less than 14 the time 
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TIME AT SECOND TEMP FOR FORMATION OF 1% BAINITE, SECONDS 
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Table 7 shows that, under the converse 
conditions, holding the 43100 austenite ata 
low temperature in the bainite range greatly 
accelerated subsequent bainite formation 


30 


TIME AT FIRST TEMPERATURE , SECONDS 


Fic 5—EFFECT OF HOLDING AT ONE 


TEMPERATURE IN BAINITE RANGE UPON TIME AT A HIGHER 


TEMPERATURE FOR FORMATION OF ONE PER CENT BAINITE (TOTAL). 4330 STEEL. 


necessary to produce 1 pct bainite iso- 
thermally, more than doubled the time 
required to obtain 1 pct bainite at 250°C. 


TaBLe 6—Effect of Holding Austenite at One 
Temperature in Bainite Range upon Time 
at a Lower Temperature for Formation of 

1 Per Cent Bainite (Total)—43100 Steel 


EEE SE 


First Temperature] Second Temperature 


Sum of 

hae 

: rac- Minutes| Frac tiona 

°C Tere tional | °C |for 1 pct| tional Times 

ime Bainite Time 

455| 0 to) 250 74 I tie 
455| 5 sec | 0.006] 250} more more more 
than 70] than than 

0.95 0.95 

455] 3 min| 0.23 | 250] 150 2.02 2.25 


at a higher temperature. The time required 
at the second temperature for 1 pct trans- 
formation was considerably less than that 


TABLE 7—Effect of Holding Austenite at One 
Temperature in Bainite Range upon Time 
at a Higher Temperature for Formation of 

1 Pct Bainite (Total) —43100 Steel 


First Temperature 


eee 

: Frac- Minutes tion 

Se oe tional | °C | for 1 pet Times 
Time Bainite 

450] Ow -\IL0 13 I 

250/15 min] 0. 20 0.50 

250|30 min] 0.41 0.60 


250\/60 min] 0.81 
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corresponding to additivity. The times are 
given graphically in Fig 6. 

The data of Lange and Mathieu® on a 
hypereutectoid steel, discussed in Paper 1, 
concur with those of the present study. 


BAINITE , MINUTES 


i) 


TIME AT 455°C FOR FORMATION OF 
1% 


t°) 10 20 30 
TIME AT 250 ° C, MINUTES 


a The results obtained for the bainite 
reaction are in accord with the theory 
outlined in Paper 1. This theory is based 
upon the view of Zener® that the reaction is 
accompanied by diffusion of carbon from 
the growing bainite to the remaining aus- 
tenite. The amount of this diffusion is 
greater the higher the temperature. The 
_ resulting carbon enrichment of the aus- 
tenite impedes its subsequent transforma- 
tion to bainite. 

The more marked accelerations and re- 
tardations observed in the 43100 steel as 
compared with the 4330 steel evidently 
arise from greater changes in the carbon 
content of the undecomposed austenite. 
Greater changes in carbon content during 
the bainite reaction in the 43100 steel may 
be attributed either directly to the higher 
carbon content of this steel’or, more prob- 
ably, to the greater difference between the 
first and second transformation tempera- 
tures employed in the experiments on the 
43100 steel. 
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It is somewhat surprising that less than 
I pct transformation is apparently suffi- 
cient to enrich the remaining austenite in 
carbon to a significant extent. It must be 
postulated that the enrichment is localized 
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in the neighborhood of the newly formed 
bainite, and does not extend very far into 
the austenite matrix. 


BAINITE-FERRITE REACTION 


There seems to have been no previous 
work concerning the effect of holding in the 
bainite range, for times insufficient to cause 
much bainite formation, upon the time 
required for initiation of the proeutectoid 
ferrite reaction. The new studies are sum- 
marized in Table 8. This table indicates 
that, although holding in the bainite range 
speeds up ferrite formation, the effect is less 
than that corresponding to additivity. Such 
a small effect is somewhat surprising. A 
possible explanation is that the rate of 
nucleation may be greater, compared to 
the rate of growth, for the ferrite reaction 
than for the bainite reaction. The presence 
of a few nuclei would then accelerate the 
ferrite reaction less than it would accelerate 
the bainite reaction. No measurements 
have been made of the nucleation and 
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growth rates of the bainite and proeutectoid 
ferrite transformations. It is well known, 
however, that growing ferrite crystals are 
commonly observed in all sizes, whereas 
bainite usually appears either as fairly 
large needles or not at all. This substan- 
tiates the idea that the ratio of the rate of 
growth to the rate of nucleation is higher 
for bainite than for proeutectoid ferrite 
formation. 

It might be suggested that the diver- 
gency arises from the use of 1 pct ferrite as 
the basis for calculation of the fractional 
times, rather than 1 pct total transforma- 
tion product (ferrite plus bainite). In all 
but one of the time-temperature combina- 
tions listed in Table 8, however, use of 1 pet 


TaBLE 8—Effect of Holding Austenite in 
Bainite Range upon Time for Formation 
of 1 Per Cent Ferrite—4330 Steel 


Bainite Range Ferrite Range 


Sum of 
Frac- 
Minutes| Frac- tional 
°C |for1rpct]| tional Times 
Ferrite Time 
460 I I 
more more more 
than than than 
300 0.65 1.09 
180 0.39 1 oe i] 
450 I I 
more more more 
than than than 
300 0.67 1.41 
460 I I 
190 0.41 1.14 


total product would make no difference 
whatsoever in the times listed, because only 
very small percentages of bainite were 
present in the specimens containing 1 pct 
ferrite. Throughout the anisothermal stud- 
ies, it was generally found that, except for 
specimens held at the first temperature 
almost long enough to transform 1 pct 
isothermally, very little of the first product 
could be detected in samples containing 
1 pet of the second product. In the iso- 
thermal studies, too, no transformation 
product could be detected except at times 
almost long enough to form 1 pct product. 


ANISOTHERMAL FORMATION OF BAIN 
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This observation indicates that the various 
reactions start slowly and continue with 
increasing rapidity (for small percentages of 
transformation), as is usual for reactions 
proceeding by nucleation and growth.”® 


FERRITE-FERRITE REACTION 


In Paper 1, data of Grange and Kiefer? 
on initiation of the proeutectoid ferrite reac- 
tion in SAE 4340 during continuous cooling 
were compared with values calculated from 
isothermal data on the assumption of 
additivity. The agreement, though by no 
means perfect, was sufficiently good to 
suggest that the proeutectoid ferrite reac- 
tion is approximately additive, at least for 
small percentages of ferrite. 

Manning and Lorig* have recently made 
direct measurements of the effect of holding 
at one temperature in the ferrite range upon 
the time required for the appearance of a 
small percentage of ferrite at a lower tem- 
perature. For the four tests made, the reac- 
tion was additive. 

In view of these determinations, it was 
not considered necessary to devote much 
effort at this time to further anisothermal 
studies of the ferrite reaction. Only a 
limited number of specimens were em- 
ployed and because of the scatter of the 
data, the only definite conclusion drawn was 
that none of the new observations was incon- 
sistent with the assumption of additivity. 

It thus appears, at least over the ranges 
so far examined, that the carbon and alloy 
concentrations during the formation of 
ferrite are not sufficiently modified by 
changes in temperature to prevent addi- 
tivity of the reaction. 


CARBIDE-CARBIDE REACTION 


No data have been found in the literature 
that are indicative of the relations between 
isothermal and anisothermal formation of 
proeutectoid. carbide. The results of the 
new studies are summarized in Table 9. 
For the specimens held first at 700°C, and 
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then at 725°C, the times for formation of 
I pct carbide are additive. For specimens 


_ given the converse treatment, the data are 


TABLE 9—Effect of Holding Austenite at One 
Temperature in Proeutectoid Carbide 
Range upon Time at a Second Temperature 
for Formation of 1 Per Cent Carbide 
(Total) —a3100 Steel 


Second Temperature 


First Temperature 


Sum,of 
Min- | Frac- Minutes] Frac- | tional 
°C|_—utes | tional] °C |for1pct} tional Times 
Held | Time Carbide| Time 
700 to) fo) 725 105 I I 
700| 35 0.58 | 725 44 0.42 I.00 
725 (o) oO 700 60 I I 
725) 20 0.19 | 700} more more more 
than than than 
50 0.83 aos 


not conclusive, but are not inconsistent 
with additivity. 

In the proeutectoid carbide reaction, as in 
the ferrite reaction, the carbon and alloy 
concentrations are apparently not suffi- 
ciently affected by changes in temperature 
to prevent additivity, under the conditions 
investigated. 


CARBIDE-BAINITE REACTION 


Table 10 indicates the effect of holding 
in the proeutectoid carbide range upon the 
subsequent time required for 1 pct trans- 
formation to bainite. These results, although 
not as complete as might be desired, show 


that the times for the carbide and bainite 
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reactions are certainly not additive. Hold- 
ing in the carbide range apparently retards 
the transformation to bainite. This agrees 
with conclusions drawn in Paper I from 
data of Lange and Mathieu.* 

Why formation of small amounts of car- 
bide should delay the bainite reaction is 
easily understood. The proeutectoid car- 
bide would nucleate at the most severe dis- 
continuities in the austenite. The newly 
formed carbide would then ‘“‘cover up” 
these severe discontinuities and make them 
unavailable for nucleation of the bainite 


373 


transformation, thus retarding the latter. 
Since bainite appears to originate from 
nuclei having the ferrite lattice structure 


TABLE to—Effect of Holding Austenite in 
Proeutectoid Carbide Range upon Time for 
Formation of 1 Per Cent Bainite—43100 ~ 


Steel 


Carbide Range 


Bainite Range 


Sum of 
vee 
: Frac- Minutes] Frac- | tiona 
ACio eee tional | °C |for 1 pct} tional Times 
; Time Bainite| Time 
700 ° ° 250 74 I I 
700 30 0.50 | 250 82 ee T.6r 


(possibly somewhat modified), the pro- 
eutectoid carbide would not itself serve to 
nucleate bainite. 


BAINITE-CARBIDE REACTION 


Nothing appears to have been known of 
the effect upon the proeutectoid carbide 
reaction of holding in the bainite range for 
times insufficient for appreciable bainite 
formation. The results obtained in this in- 
vestigation are given in Table 11. Holding 


TABLE 11—Effect of Holding Austenite in 
Bainite Range upon Time for Formation 
of 1 Per Cent Proeutectoid Carbide—43 100 
Steel 


Bainite Range Carbide Range 


Sum of 

Frac- 

Min- | Frac- Minutes Hone 

°C} utes | tional| °C | for 1 Pet imes 
Held | Time Ferrite 


in the bainite range, for moderate fractions 
of the time necessary to’produce r pct bain- 
ite isothermally, retarded the proeutectoid 
carbide reaction to a considerable extent. 
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Holding in the bainite range for shorter 
times did not retard the carbide reaction 
appreciably, and perhaps accelerated it. 

The observed retardations are attributa- 
ble to utilization by bainite of the sites of 
most ready nucleation, making them un- 
* available to the proeutectoid carbide reac- 
tion. This phenomenon has been discussed 
in the preceding section. It is true that 
carbide particles must form rapidly from 
the bainite, especially on reheating to the 
higher temperatures of the proeutectoid 
carbide range, and it may be asked why 
these particles do not nucleate precipitation 
of proeutectoid carbide from the austenite. 
The orientation, with respect to the austen- 
ite, of carbides precipitated from the bainite 
would be expected to differ from that of 
proeutectoid carbide, because of the differ- 
ent mechanism of formation. Tf the orienta- 
tions differ, it is to be anticipated that the 
carbide particles formed from the bainite 
would not nucleate the proeutectoid 
reaction. 

The observed lack of retardation of the 
proeutectoid carbide transformation after 
short times of holding in the bainite range 
might possibly indicate that the number of 
bainite nuclei formed during these times 
was too small to reduce significantly the 
number of sites of most ready nucleation. 
An acceleration of the proeutectoid carbide 
reaction cannot be explained in this way. 


IMMEDIATE APPLICATIONS 


Even without additional research, practi- 
cal applications of some of the results may 
be suggested. Thus, the observed additivity 
of the proeutectoid reactions should pro- 
vide a sound basis for predicting quantita- 
tively, from isothermal data, the conditions 
for 1 pct transformation of austenite by 
these reactions under any conditions of 
temperature and time, including continu- 
‘ous cooling. Detailed methods for carrying 
out the computation have been published 
previously.41.11 

The results of the present investigation 


may also be applied to the practice of 
delayed quenching of steel parts. This 
practice, intended to reduce quench- 
cracking and distortion, consists of slowly 
cooling the part from the austenitizing 
temperature to some lower temperature 
before quenching in a liquid medium. The 
slow cooling is ordinarily done in air, and 
may extend down to 550-700°C. It has now 
been found that holding austenite in the 
proeutectoid ferrite range accelerates its 
subsequent transformation to bainite (at 
least up to 1 pct transformation), whereas 
holding austenite in the proeutectoid car- 
bide range retards its subsequent trans- 
formation to bainite. Slowly cooling an 
austenitized hypoeutectoid steel into the 


proeutectoid ferrite range before quenching ~ 


therefore involves not only the risk of in- 
creasing the percentage of ferrite in the as- 
quenched microstructure, but also the risk 
of increasing the percentage of bainite. 
Effectively, a quench delayed below the 
A, temperature reduces the bainitic hard- 
enability of a hypoeutectoid steel (harden- 
ability with respect to bainite formation’). 


On the other hand, slowly cooling an 


austenitized hypereutectoid steel into the 
proeutectoid carbide range before quench- 
ing tends to decrease the percentage of 
bainite in the as-quenched microstructure. 
Effectively, a quench delayed below the 
Acm temperature raises the bainitic harden- 
ability of a hypereutectoid steel. This 
effect may be very useful. 

An interesting discrepancy in our knowl- 
edge of austenite decomposition has been 
that increases in molybdenum content and 
in austenitic grain size raise the bainitic 
hardenability of hypoeutectoid _ steels, 


whereas they have little effect on the time — 


for isothermal bainite formation. Since the 
present study demonstrates that holding 
austenite in the ferrite range considerably 
accelerates its subsequent transformation 
to bainite, the following explanation, previ- 
ously suggested!!? by the author and his 
coworkers, may be considered established: 
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An increase in molybdenum content or 
austenitic grain size retards the proeutec- 
toid ferrite reaction. For a fixed cooling 
rate, this decreases the fractional time 
spent in the ferrite range. This decrease in 
turn increases the time required for forma- 
tion of 1 pct bainite, and thus increases the 
bainitic hardenability. 


CONCLUSIONS 


As a result of the studies described above, 
it is concluded that: 

1. The proeutectoid ferrite and carbide 
transformations are each approximately 
additive, at least up to 1 pct transformation. 

2. The bainite transformation is not 
additive, reaction at a high temperature 
tending to retard subsequent reaction at a 
low temperature, and reaction at a low 
temperature tending in general to acceler- 
ate subsequent reaction at a high tempera- 
The deviations from additivity 
increase with increasing difference between 
the temperatures involved, and perhaps 
with increasing carbon content of the steel. 
These deviations accord with theory based 
upon the variation with transformation 
temperature of the carbon content of the 
austenite adjacent to newly formed bainite. 

3. Holding austenite in the ferrite range 
(for times insufficient to produce 1 pct 
ferrite) accelerates the bainite reaction by 
an amount significantly greater than that 
corresponding to additivity. It is suggested 
that the acceleration beyond additivity 
arises from a smaller ratio of the rate of 
nucleation to the rate of growth in the 
bainite transformation than in the ferrite 
transformation. Over a considerable range, 
the time for formation of 1 pct bainite 
varies inversely as the n-th root of the time 


__ of prior holding in the ferrite range, where 


n is approximately 4.1. The fractional 


- acceleration of the bainite reaction appears 


to be independent of the temperature of 
bainite formation, but not of the tempera- 
ture of holding in the ferrite range. 

4. Holding austenite in the bainite range 
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for a time insufficient to produce 1 pct 
bainite accelerates subsequent transforma- 
tion to ferrite, but not as much as would be 
expected on the basis of additivity. The 
divergency is attributed to a difference 
between the two reactions in the ratio of 
the rate of nucleation to the rate of growth. 

5. Holding in the proeutectoid carbide 
range retards subsequent transformation 
to bainite, and holding in the bainite range 
appears to retard subsequent transforma- 
tion to proeutectoid carbide (when less 
than 1 pct decomposition occurs by the first 
reaction). This agrees with the hypothesis 
that the first constituent to form occupies 
the sites of most ready nucleation, making 
them unavailable for nucleation of the 
second constituent. 

6. Among the immediate applications 
of the results are: 

a. The conditions for 1 pet transforma- 
tion of austenite by the proeutectoid reactions 
under any conditions of temperature and 
time, including continuous cooling, can 
now be calculated from isothermal data. 

b. It is predicted that delaying the 
quench of a hypoeutectoid steel until it is 
below the A.3 temperature will effectively 
decrease its bainitic hardenability. It is 
predicted that delaying the quench of a 
hypereutectoid steel until it is below the 
Aem temperature will effectively increase 
its bainitic hardenability. 

c. A cause is established for the increase 
in bainitic hardenability observed to result 
from increasing the molybdenum content 
or austenitic grain size of a hypoeutectoid 
steel. It is now clear that, for a fixed rate 
of cooling, increases in molybdenum con- 
tent and grain size reduce the fractional 
time in the proeutectoid ferrite range, and 
this reduction in turn increases the time 
necessary for subsequent formation of small 
percentages of bainite. 

7. Additional research will be necessary 
before hardenability and the decomposition 
of austenite during practical heat treatment 
can be predicted quantitatively, under 
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general conditions from data on isothermal 
decomposition of austenite. 
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DISCUSSION 
(B. R. Queneau presiding) 


R. A. Grance*—Of the several conclusions 
drawn by Mr. Jaffe, we subscribe most whole- 
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* United States Steel Corporation. 


heartedly to the last, in which he states that 
additional research will be necessary before 
hardenability and decomposition of austenite 
during many practical heat treatments can be 
predicted quantitatively. Mr. Jaffe mentions 
discrepancies which exist in published data 
relative to the effect of holding an austenitized 
steel at one temperature upon subsequent iso- 
thermal transformation at another tempera- 
ture, but feels that his choice of the time for 
1 pct of transformation product at each of the 
two temperatures, rather than some smaller 
percentage such as others have chosen, resulted 
in accurate and reliable results which can be 
interpreted quantitatively. In our experience, 
segregation in steel affects the time for x pct 
transformation just as it does the time for any 
smaller percentage; we suggest, therefore, that 
while Mr. Jaffe’s data are most interesting and 
valuable in revealing trends, the more quanti- 
tative aspects of his observations may need 
confirmation before they can be reliably applied 
to precise calculation of cooling transformation 
behavior from isothermal data. In particular, 
other grades of steél, and even other conditions 
of austenitizing for the particular alloy type of 
steel he used, should be investigated before 
applying the fractional time data given in the 
paper to steel in general. ° 

Mr. Jaffe mentions that a discussion* by 
this writer confirms his own conclusion that 
holding in the ferrite range accelerates subse- 
quent transformation to bainite to such an 
extent that the two reactions are not additive. 
Actually, in our discussion we stated that the 
reactions seemed to be approximately additive, 
meaning only that we observed an increase in 
the percentage of bainite in a sample pre- 
quenched in the ferrite range, as compared to a 
corresponding specimen not prequenched; we 
have no data which indicate definitely that 
proeutectoid ferrite and bainite reactions either 
are, or are not, exactly additive. 

It is stated in the paper that molybdenum 
has very little effect on the time required for 
isothermal bainite formation. Recently we 
investigated this question using a series of 
similar steels with varying molybdenum con- 
tent and concluded that, in this series at least, 
molybdenum decidedly increased the time 
required to initiate isothermal transformation 
of austenite to bainite. 


* Refers to ref. 3 of the paper. 
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DISCUSSION 


In discussing application of his results to heat 
treating, Mr. Jaffe suggests that the harden- 
ability of hypereutectoid steel can be in- 
creased by delaying the quench until austenite 
has cooled somewhat below the Acm tempera- 
ture. If such a treatment permits the formation 
of even a trace of proeutectoid carbide network, 
the advantage of greater hardenability may be 
more than offset by the harmful effect of the 
carbide network on mechanical properties. 
Most hypereutectoid steel is austenitized in 
commercial practice in such a way that con- 
siderable carbide remains undissolved, in 
which case the austenite may not be hyper- 
eutectoid in composition; we wonder. if, in 
Mr. Jaffe’s opinion, a hypereutectoid steel 


- austenitized in this way would have greater 


hardenability as a result of a delayed quench. 


B. H. ALEXANDER*—I should like to men- 
tion some work that is being done on a related 
problem by Mr. Dube at Carnegie Institute of 
Technology. Preliminary measurements of the 
rates of nucleation and growth of hypoeutectoid 


_ ferrite indicate that the ratio of N/G is lower 


Be re 


of 
7 


the higher the temperature of the reaction. 

If the same behavior is assumed in the 
bainite region, the author’s suggested explana- 
tion (on the basis of nucleation and growth) of 
the effect of holding in the ferrite region on the 
bainite reaction (or vice versa) would be 
inadequate. However, it seems more probable 
that the reverse is true and that the ratio of 
N/G for bainite decreases with decreasing 
temperature so as to become lower than the 
corresponding ratio for ferrite. This is in 
accordance with the author’s explanation, but 


suggests that the acceleration of the bainite 


reaction would depend not only on the tempera- 
ture of holding in the ferrite range but also on 
the temperature of bainite formation. 


WwW. F. Hesst—I was not quite clear— 
I did not read the paper ahead of time—as to 


~ whether holding a steel in the range where it 


takes a long time to transform the bainite made 
a difference in the subsequent transformation 
at elevated temperature. In other words, just 
how long a time, in proportion to the time 
necessary to initiate transformation, at the low 
bainite range, was used in these tests or 
experiments? 


_ eS 
* Carnegie Institute of Technology. 
+ Rensselaer Polytechnic: Institute. 
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Also you did not mention this morning 
whether you have investigated the effect of 
holding a relatively long time in the tempera- 
ture where it takes a still longer time to start 
transformation, and what effect does that have 
on subsequent transformation to a pearlite, say, 
or an elevated temperature transformation 
product? 


E. A. Lorta*—Dr. Jaffe has presented a very 
interesting paper concerning anisothermal 
decomposition of austenite in two steels. It is 
not only timely but reveals new and useful 
information on a rather complex subject and 
points the way for further work. The obvious 
inadequacy and uncertainty of our knowledge 
of the transformation of austenite in alloy 
steels and the pressing need for more descrip- 
tive fact on which to base further attempts at 
quantitative theoretical attack make this a 
valuable contribution. 

The present knowledge of incubation, where 
incubation is understood to mean the process 
occurring during the period before which the 
subcritical reaction is detectable, is scant. There 
are three possible explanations as to the nature 
of incubation. One is that nothing is happening 
during incubation. Another more plausible one 
is that nucleation and growth processes are 
occurring, but on such a small scale as to be 
undetectable. The third is that some unknown 


_ type of behavior is being exhibited. The effect. 


of incubation on the rate of reaction can be 
studied either by choosing an incubation 
temperature which is greater than the reaction 
temperature, or vice versa. 

The principal references to incubation in the 
literature are to be found in connection with the 
attempts of various investigators to ascertain 
the relation between the isothermal TTT dia- 
gram and the cooling rate or continuous cooling 
diagram. These have been very adequately 
covered in a previous publication! by the 
author and his collaborators. However, some 
aspects of Krainer’s work’? on incubation 
within the pearlite range merits further atten- 
tion. He showed that reaction begins when 
[ti/] = 1, where #; = incubation time and 
tp = the time for the beginning of the reaction. 


* Mellon Institute of Industrial Research. 

13], Krainer: The Conditions for Through- 
hardening of Steel. Archiv Eisenhutlenwesen 
(1936) 9, 619-622. 
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That is, if the specimen is incubated for a time 
equal to half the time for the beginning of 
reaction at one temperature and then quenched 
to another and held there for an equal fraction 
of reaction time, the reaction will begin. From 
nine of such duplex treatments using various 
time fractions, Krainer found that the average 
St; /fh] = 0.96, with limits of o.7 and 1.2 
which were considered to be within experi- 
mental error. Also, Steinberg’ has suggested 
the use of the same type of treatments in 
determining the position of the cooling rate 
curve, But rather than using only two treat- 
ments, he felt that the cooling curve could be 
split into an infinite number of such fractional 
steps and predicted that reaction would begin 


t dt; : 
on cooling when ei pais Substantially the 


same mathematical representation has been 
suggested recently by Manning and Lorig.‘ 
One of the more important conclusions de- 
rived from this investigation is that, at certain 
incubation temperatures in the bainite trans- 
formation range, the author has found an 
unusual type of behavior in the effect of incu- 
bation time at constant temperature. In gen- 
eral, the data show that for short incubation 
times the time for beginning of reaction de- 
creases, and that longer incubation times pro- 
duce an even greater decrease in the reaction 


-time. For example, the marked effect of holding . 


austenite at low temperature in the bainite 
range upon time for formation of 1 pct bainite 
and shifting of the nose of r pct bainite curve 
to the left in 43100 steel is to be noted. It 
would be of interest to know if the plateau is 
shifted upward and to the left by such incuba- 
tion treatments. More data in the range from 
250 to 300°C would have to be obtained in 
order to determine the extent of the shift 
in the upper limit of bainite formation. The 
effect of incubation in the bainite region of 
4330 steel upon time at a lower temperature 
for 1 pct bainite follows a similar trend in that 
it moves the bainite nose to the left (shorter 
time intervals) but here again more experi- 
mental data are necessary though it is realized 
that the incubation time interval is very short. 

For the case where reaction temperature is 
greater than incubation temperature, the ideal 
behavior is believed to be exemplified by Fig 6 
portraying the effect of holding at one tem- 


43100 steel. The hyperbolic curve shows that 
with increasing incubation time the reaction 
rate increases, seemingly toward a maximum 
at the time for the beginning of the reaction at 
the incubation temperature. This acceleration — 
of the bainite reaction may be explained on the © 
basis of nucleation and growth theory. At 
lower temperatures (in the vicinity of the 
bainite nose), nucleation rates are higher, so 
that, if nucleation and growth are occurring on ~ 
a minute scale during incubation, nuclei will! 
form quickly at the low incubation tempera- : 
ture and serve as nuclei at the higher reaction 
temperature, thus increasing the reaction rate 

at the latter temperature. It is interesting to 
note that Krainer may have unknowingly — 
obtained the same type of behavior as is here : 
explained for the ‘case where incubation tem- 
perature exceeds reaction temperature. As j 
explained above, he was trying to show that 
reaction begins on cooling when D[t:/t] = 1- 
He used two-step treatments in which he held 
the specimens for a certain fraction of reaction 
at one temperature and quenched to another, 
observing the actual beginning of reaction at 
the latter and then calculating his 2[f;/t]. Thus 
the fact that Krainer’s data show a decreasing © 
value of 3[t;/t] for increasing incubation times 
is in complete agreement with the results here 
obtained. 

The writer would like to have seen more 
complete diagrams for Fig 1 and 2 in order that — 
the extent of the proeutectoid constituents over 
the temperature range from Ae: to Ms could be 
ascertained. For example, is it possible that the 
TTT diagram for 4330 steel has two ferrite 
regions preceding the pearlite and_bainite : 
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regions? Hultgren’ has shown this for a steel 
of similar composition which he designated as 
NiCrMo 34723. Hultgren stated that in steels 
of sufficient and suitable alloy contents there 
is a distinct break between the zero curve of the 
propearlitic ferrite and probainitic ferrite and 
that possibly, owing to insufficient accuracy in — 
the determinations, no such break can be 
found with certainty for most of the alloy steels 
investigated. 
Also, in the TTT diagrams presented, it is | 
4 A, Hultgren: Isothermal Transformation of - 
Austenite. Trans. ASM (1947) 39, 915-1005. 
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interesting to note that a dotted line is drawn 
for the plateau of the bainite region in 4330 
steel and a solid line for 43100 steel. The 
writer believes that no connecting (solid) line 
should be drawn in the temperature range 485 
to 525°C for 4330 steel and 450 to 475°C for 
~ 43100 steel. It is frequently observed in TTT 
- diagrams of the type shown that a connecting 
“ (nearly horizontal) line is drawn but this can 
hardly be termed a correct procedure because 
in such a narrow temperature range alloy 
segregation and banding which may occur in 
any of the small specimens produce micro- 
structures which resemble those obtained for 
- either of the temperature end points. 
_ The observations noted above point to the 
“necessity of recording the microstructural 
_ changes that accompany isothermal transfor- 
mation in alloy steels. In view of the known 
~ inadequacy of the present nomenclature for the 
_ decomposition products of austenite and the 
variations in microstructures observed it is 
_ necessary to resort to micrographs in order to 
classify some of the microstructures encoun- 
tered in alloy steels. Typical micrographs of the 
_ bainite-bainite and the ferrite-bainite reactions 
- for 4330 steel and the carbide-bainite reaction 
for 43100 steel would be appreciated. 
Both steels under consideration were aus- 
 tenitized at very high temperatures (much 
higher than austenitizing temperatures used in 
commercial heat treating practice) in order to 
dissolve austenite heterogeneities and approach 
austenite homogeneity. In spite of this it is to 
E 


be noted that the pearlite nose of the higher 
carbon 43100 steel has shifted markedly to the 
‘left compared to the 4330 steel. What explana- 
tion can the author give for this result if any 
‘undissolved carbides which would enhance 
nucleation of the pearlite reaction were sup- 
posedly eliminated by the high temperature 
austenitizing treatment? Perhaps the initial 
precipitate of proeutectoid carbides at tem- 
peratures below Ae: and proceeding more 
rapidly the lower the temperature nucleates the 
subsequent pearlite reaction to a greater degree 
in this steel. 

The practical applications to be found in the 
results relate to the increased reaction rate due 
to relatively long incubation treatments. For 
example, in the spheroidization of steels, the 
annealing cycle might be reduced if the piece 
were quenched to a temperature at or near the 
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pearlite nose and held only long enough to 
insure that no reaction takes place before re- 
heating to the spheroidizing temperature for 
the initiation of the transformation product 
desired. A properly selected incubation treat- 
ment should materially reduce the reaction 
time. Does the author believe that, working 
with steels of high hardenability which would 
permit greater time latitude in incubation 
treatments, it would be possible to secure a 
minimum in the #; vs. f& curve indicating the 
optimum condition for beginning of reaction 
at the second temperature? Also, it would be 
of interest to speculate if longer incubation then 
causes a reversal in that the reaction time in- 
creases and returns to the reaction time interval 
necessary to transform an unincubated speci- 
men isothermally. 


L. D. Jarre (author’s reply)—I agree whole- 
heartedly with Mr. Grange that it would be 
very desirable to carry on further work using 
different steels and different austenitizing 
temperatures, and hope it will be possible to 
do so. 

I greatly regret having misquoted Mr. 
Grange when referring to some of his previous 
work. His comment on the effect of molyb- 
denum upon the time required for isothermal 
bainite formation is most interesting. I hope 
the results of his investigation of this effect will 
be published soon. 

Mr. Grange asks whether a delayed quench 
would increase the hardenability of a hyper- 
eutectoid steel if the austenitizing temperature 
were so low that carbides were initially out of 
solution. Experimental work on that question 
is needed. The results of this paper are likely 
not to be applicable; in particular, attention 
would have to be given to the effects of holding 
in the range where pearlite is the first product 
to form. This range was not studied in the 
present paper. 

I agree with Mr. Grange that if a hypereut- 
ectoid steel is austenitized at a high temperature 
and then delay-quenched, it is necessary to 
consider the effect on the mechanical properties 
of possible submicroscopic traces of carbide 
that might form as a grain-boundary network. 
The mechanical properties of steel given such 
heat treatments form a separate problem, which 


should be investigated. 
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I would like to thank Mr. Alexander for his 
information regarding the nucleation and 
growth of proeutectoid ferrite. It may well be 
that future studies will reveal that the accelera- 
tion of the bainite reaction by holding in the 
ferrite range depends on the temperature of 
bainite formation. 

Dr. Hess asks about the times of holding in 
the bainite range. As indicated in the paper, the 
times were always less than the time necessary 
for 1 pct transformation. The amount of trans- 
formation for reactions occurring by nucleation 
and growth initially varies as the cube or the 
fourth power of the time. For times signifi- 
cantly shorter than that needed for 1 pct trans- 
formation, the percent transformation was 
therefore very small indeed; in general, at the 
first temperature of holding, there was no 
visible transformation at all. 

Dr. Hess also asks about the effect on trans- 
formation at a high temperature of holding for 
a long time in the bainite range where still 
longer time is required for transformation to 
start. In the steels used in this work, visible 
bainite formation occurred in a matter of sec- 
onds or minutes at all temperatures (Tables 
1-2). While I have not studied steels where the 
times required for bainite formation are longer, 
there seems no reason to think that treatments 
mentioned by Dr. Hess would have different 
effects upon subsequent high-temperature 
transformation than the treatments reported 
in the paper. That is, they would be expected 
to accelerate formation of high-temperature 
bainite and of proeutectoid ferrite and to 
retard formation of proeutectoid carbide. 
The effect of small amounts of bainite on 
subsequent pearlite formation has not been 
investigated. 

The mathematical expressions of Krainer, of 
Steinberg, and of Manning and Lorig, referred 
to by Mr. Loria, are all based upon the assump- 
tion of additivity. As shown in this paper, 
though such an assumption may be made for 
the proeutectoid reactions, it is not in general 
permissible. 

Mr. Loria asks whether holding in the bainite 
range has the effect of shifting the curve, for 
1 pct bainite formation at higher temperatures, 
to the left and upward. Tables 5 and 7, Fig 5-6 
show that the curve is shifted to the left. There 
are no data as to an upward shift, and no reason 
to expect one. 


OF BAINITE AND PROEUTECTOID CONSTITUENTS 


Variation of nucleation rate with tempera- 
ture is suggested by Mr. Loria as an explanation 
of the non-additivity observed in the bainite 
range. I do not see how this explanation ac- 
counts for the observation -that holding at a 


high temperature in the bainite range can ~ 


eT ee 


actually increase the time necessary to form — 
r pet bainite at a lower temperature (Table 6). 


Mr. Loria suggests that ferrite formation 


may isothermally precede bainite formation. I — 


do not think the ferrite often observed to form 
in the bainite range precedes bainite; I think it 


is bainite. In other words, freshly formed _ 
bainite is simply ferrite supersaturated with 


carbon.® 1517 


I agree that micrographs are needed to — : 


identify the microstructures discussed. In 


accordance with Mr. Loria’s request, micro- — 


graphs of the bainite and proeutectoid con- 
stituents observed in the steels studied are 
given as Fig 7-10. These micrographs were 
prepared by Miss Mary Norton. The percent- 
age of transformation product visible in each 


figure is not necessarily equal to the average — 


found throughout the specimen. 

It may be mentioned that two to five speci- 
mens, heat treated separately but supposedly 
identically, were in general examined for each 
heat treatment used. 

Mr. Loria asks why the pearlite nose of the 
high carbon 43100 steel was to the left (at 


ee 


shorter times) than the pearlite nose of the — 
lower carbon 4330 steel. Despite popular opin- — 


ion to the contrary, it is well established that 
an increase in carbon content accelerates the 
pearlite reaction, moving the pearlite nose to 
the left.1918—20 

Mr. Loria asks whether annealing could be 
speeded by quickly cooling the steel to the 
pearlite nose, holding it there for a short time, 
and then reheating it to a temperature higher 
in the pearlite range. That procedure seems 
perfectly feasible. However, further work is 
needed before quantitative data can be pro- 
vided, As indicated in a previous paper by the 
author," it is likely that the pearlite reaction is 
additive, but the evidence is not conclusive. 

Finally, Mr. Loria would like to know 


whether a long “incubation” period may have 


an effect, on subsequent transformation at 


15-17 References are at the end of the 
discussion. 
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a Fic 7—MIcROSTRUCTURE OF 4330 STEEL AUSTENITIZED I5 MIN. AT 1095°C, QUENCHED INTO 
METAL BATH AT 650°C, HELD 744 HR, AND WATER-QUENCHED. WHITE ANGULAR AREAS OF FERRITE 
___ ARE VISIBLE AGAINST BACKGROUND OF MARTENSITE. MAGNIFICATION: X 1000. OBJECTIVE: 60 Apo, 
0.95 N. A. ErcHant: 1 pct NITAL. REDUCED APPROXIMATELY ONE THIRD. 


% 


Fic 8—MICROSTRUCTURE OF 4330 STEEL AUSTENITIZED I5 MIN. AT I09 5°C, QUENCHED INTO 
| METAL BATH AT 455°C, HELD 33 SEC, AND WATER-QUENCHED. AREAS OF BAINITE ARE VISIBLE 
~ AGAINST BACKGROUND OF MARTENSITE. BLACK ARROW INDICATES TYPICAL BAINITE AREA, MAGNIFI- 
CATION: X 1000. OBJECTIVE 60 APO, 0.95 N. A. ETCHANT: I PCT NITAL, REDUCED APPROXIMATELY 


ONE THIRD. . 
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Ar 
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F1G 9 —MICROSTRUCTURE OF 43100 STEEL AUSTENITIZED I5 MIN. AT II 50°C, QUENCHED INTO 
METAL BATH AT 725°C, HELD 2 HR, AND WATER-QUENCHED. WHITE PROEUTECTOID CARBIDE IS 
VISIBLE AS A NETWORK AGAINST BACKGROUND OF HIGH-CARBON MARTENSITE. MAGNIFICATION: 


% 1000. OBJECTIVE: 60 APO, 0.95 N. A. Ercnant: 1 pct NiTaL. REDUCED APPROXIMATELY 
ONE THIRD. 


4 on, te 
FIG 1o—MICROSTRUCTURE OF 43100 STEEL AUSTENITIZED I5 MIN. AT II 50°C, QUENCHED INTO 
METAL BATH AT 455°C, HELD 13 MIN., AND WATER-QUENCHED. DARK AREAS OF BAINITE VISIBLE 
AGAINST BACKGROUND OF HIGH-CARBON MARTENSITE. MAGNIFICATION: X 1000. OBJECTIVE: 
60 Apo, 0.95 N. A. ETcHANT: 1 PCT NITAL. REDUCED APPROXIMATELY ONE THIRD. 


~~ 
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By Rospert T. Howarp, Jr.* AND Morris COHEN,t MEMBER AIME 


(Chicago Meeting, October 1947) 


Tue purpose of this paper is to direct 
attention to the lower part of the austenite 
transformation diagram, or TTT curves, 
where considerable uncertainty still exists 
as to the blending of the bainite and 
martensite reactions. The dissimilarities 
between these two low temperature trans- 
forrnations have been summarized recently 
by Troiano and Greninger.! Of particular 
importance to the present work is the fact 
that martensite formation, unlike bainite 
formation, is not suppressed by the fastest 
quenching rates attainable. However, most 
of the investigations in this direction have 
been concerned primarily with the start 
of the martensite transformation (M,) 
during cooling, rather than with the 
quantitative aspects of the subsequent 
reaction on either further cooling or iso- 
thermal holding. 

Several years ago, Cohen? suggested: a 
form of transformation diagram which 
reconciled, at least schematically, the iso- 
thermal characteristics of the bainite 
transformation with the insuppressible 
nature of the martensite transformation. 
In essence, the diagram consisted of a 
family of horizontal lines (representing 
the progress of the austenite-martensite 

This paper is based on a portion of a thesis 
submitted by Robert T. Howard to the Depart- 
ment of Metallurgy at the Massachusetts 
Institute of Technology in partial fulfillment 
of the requirements for the degree of Doctor 
of Science. Manuscript received at the office 
of the Institute July 7, 1947. Issued as TP 2283 
in METALS TECHNOLOGY, September 1947. 

* Republic Steel Corporation Fellow, Massa- 
chusetts Institute of Technology, Cambridge, 
Massachusetts. 

+ Professor of Physical Metallurgy, Massa- 
chusetts Institute of Technology, Cambridge, 


Massachusetts. 
1 References are at the end of the paper. 


- the lower part of the conventional austenite 


reaction. during quenching) which were 
interrupted in point of time by the 
bainite family of C-curves extending 

down from higher temperatures. This — 
picture received - later support by metal-— 
lographic® and dilatometric*:® studies, but — : 
the techniques employed were not suf- — 
ficiently critical to substantiate some of 
the details. 

Elmendorf* and Grange and Steward’? 
have shown that the Greninger-Troiano 
metallographic technique* may be used not 
only for M, determinations, but for study- 
ing the course of further austenite decom- i 
position. In fact, the latter investigators : 
have observed the amount of martensite © 
formed as a function of temperature below 
M, in fourteen commercial steels. 

In the present paper, the Greninger- 
Troiano technique has been combined with 
the lineal method of Howard and Cohen? 
to provide a unique, quantitative treat- 
ment of the austenite-martensite reaction. 
Furthermore, isothermal transformations 
have been similarly measured on holding 
at temperatures above and below M,, thus 
permitting a fairly detailed presentation of 


~ 


transformation diagram. 


EXPERIMENTAL DETAILS 
Materials 


The steels, listed in Table 1, were se- 
lected for study because they exhibit a- 
satisfactory range of M, temperatures and 
have not received as much attention as” 
the lower carbon grades. They were pre-— 
pared as 30 lb induction furnace heats in 
the laboratories of the Vanadium-Alloys 


idl 
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Steel Co. Ferrosilicon was used for 
deoxidation. The ingots were hot rolled to 
%» in. and centerless ground to 0.250 in. 
The rods were received in the spheroidized 
condition. 


TABLE 1—Compositions of Steels Invest- 
igated 


Per Cent 


Designation, 
Per Cent C 


Bass . 
I.1-3.5 pet Ni 
I.1-5 pct Ni 


Specimens 


The center of the ground stock was 
machined out with a No. 36 drill (approxi- 
mately 149 in. diam) and the resulting 
“tubes” were sectioned into 39 in. 


2% lengths. This produced suitably small 
_ specimens, free from decarburization and 


ENS 


Pi CSU SLO ther el ahi Ie 


pipe segregation, in a form that could be 
easily wired to a holder for heat treatment 
purposes. The steels were identified by 
longitudinal grooves that were cut along 
the rods before the sectioning. 


Austenitizing 


The specimens were austenitized in a 


- vertical resistance-wound furnace, so ar- 
- ranged as to permit rapid removal of the 
specimens for quenching to lower tem- 
- peratures. Decarburization was minimized 
_ by a prepurified nitrogen atmosphere which 


was further ‘‘cleansed”’ by the presence of a 
block of graphite in the hot zone of the 
furnace. 

An austenitizing temperature of 955 + 
2°C (1750 + 4°F) was selected after a 
series of runs to determine an optimum 
treatment for dissolving all carbides with- 
out undue grain coarsening in the five 
steels. Since austenitizing times of 15 to 
60 min. caused little difference in the 


- amount of retained austenite (after quench- 
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ing to room temperature in to pct NaOH 
brine*) a standard soaking period of 30 
min. was adopted. Table 2 indicates the 


% RETAINED AUSTENITE 


° tee | | 


es OO! O01 i 
NcHEg L0G TIME INHOURS AT 280°C 
Fic 1—EFFECT OF TEMPERING AT 280°C 

(535°F) AFTER BRINE QUENCHING FROM 955°C 

(1750°F). 

TABLE 2—Austenite Retained after Quench- 

ing from Standard Austenitizing Treatment 

of 30 Minutes at 955°C (1750°F) 


Per Cent 
Steel 
Per Cent C 
Brine Quench Oil Quench 
0.75 a5 7 
I.12 24-27 30 
1.35 39-41 45 
r.1-3.5 pet Ni 44-46 54 
I.1-5 pet Ni 54-56 68 


range of austenite contents retained under 
the above conditions. 


Quenching 


The hot-quenching practice was con- 
ventional, using lead-base alloy baths 
controlled to £2°C (+4°F) in the range 
of 80-300°C (175-570°F). Generally, the 
hot-quenched specimens were held for 
36 sec (to insure reaching the bath tem- 
perature) before being transferred to the 


*The term ‘‘brine’’ as used hereinafter 
signifies an aqueous solution of 10 pct sodium 
hydroxide. , 
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mine the extent of undesired austenite 


tempering bath (see below). In some cases, 
this time was reduced to 5 sec. No iso- 
thermal transformation was observed 
during these periods. Holding times up to 


TEMPERATURE RANGE OF MARTENSITE TRANSFORMATION 
100) Pate = 


RCLED POINTS INDICATE 
VALUES Fi 
CURVES. 


% TRANSFORMATION 


8 


QUENCHING TEMPERATURE °C 


Fic 2—RELATIONSHIP BETWEEN PERCENTAGE MARTENSITE TRANSFORMATION AND QUENCHING- 
BATH TEMPERATURE. AUSTENITIZING TEMPERATURE = 955°C (1750°F). HEAVILY RULED CURVES 
OBTAINED WITH BRINE FOR ROOM TEMPERATURE QUENCHING BATH AND MOLTEN LEAD ALLOYS FOR 
HIGHER TEMPERATURE QUENCHING BATHS. LIGHTLY RULED CURVES SHOW CALCULATED COURSE OF 
MARTENSITE FORMATION WHEN QUENCHING RATE CORRESPONDS TO OIL INSTEAD OF BRINE AT ROOM 
TEMPERATURE. ALL PLOTTED POINTS APPLY TO HEAVILY RULED CURVES. : 


too hr were studied in the isothermal 
runs. Room-temperature quenching was 
conducted in 10 pet NaOH brine which, 
as will be mentioned later, seemed to match 
the quenching effect of the metal baths at 
the higher temperatures. A few room- 
temperature quenching experiments were 
carried out in oil for comparison purposes 
(Table 2). 


Tempering 


In accordance with the Greninger- 
Troiano technique, the quenched specimens 
were tempered to darken the transforma- 
tion product formed on cooling éo the bath 
temperature and, in the isothermal runs, 
on holding at.the bath temperature. It was 
found that satisfactory tempering could be 
attained in these steels at 280°C (535°F), 
and a series of time variations at this tem- 
perature was investigated in order to deter- 


AUSTENITE AT QUENCHING TEMP. 


q 


within to sec at 280°C. Inasmuch as Io sec 
achieved ample tempering of the coexisting 
martensite, this treatment. was adopted for 
the hot-quenched specimens. After such 
tempering, the specimens were brine 
quenched to room temperature. 


Measurements 


Following heat treatment, one face of 
each “doughnut” specimen was carefully 


ground to remove }2 in., and then was — 


metallographically polished and etched 
with nital. The etching was adjusted by 
trial and error to yield maximum contrast 
between the dark (tempered) reaction 
products and the untransformed matrix. 
Usually, best results were obtained with 1 


decomposition. Fig 1 shows that, for brine- f 
quenched specimens at least, no appreciable 


conversion of the retained austenite occurs 


ining ane ot spt ale 


- 
r 
ra 


vs Pe 


pet nital for the high austenite structures, — 
3 pet nital for the medium austenite, and — 
6 pet nital for structures approaching com- — 


plete transformation. 
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The relative amounts of reaction product 
and untransformed matrix were deter- 
mined quantitatively by lineal analysis. 
The authors have discussed this method 
and its precision in considerable detail 

_ elsewhere.® By this procedure, the course 

_ of martensite formation during cooling and 
of bainite formation during isothermal 
holding was measured. In the specimens 
containing both martensite and bainite, no 
attempt was made to distinguish between 
the two products during the lineal analysis 
—in other words, the total transformation 
(S) was evaluated. The amount of marten- 

~ site (P) formed on the cooling to the holding 

-- temperature was determined separately on 

specimens that were similarly quenched but 

held for only 36 sec. By subtracting P from 
S, the percentage of isothermal transforma- 
tion was obtained. 


EXPERIMENTAL RESULTS 
Martensite Range 


The percentage* of martensite as a func- 
tion of quenching bath temperature is 
plotted for the five steels in Fig 2. Encircled 
points were averaged from isothermal 
studies below M,, and include all the deter- 
-minations made up to the holding time 
where isothermal transformation was found 
~ toset in. Two of the curves, 0.75 pct carbon 
E and 1.12 pet carbon, in Fig 2 are essentially 
straight down to the temperature where 
4 
: 


P 
in 
< 
= 
i 
: 


approximately 60 pct of martensite has 
formed, and then bend off as the rate of 
transformation with respect to dropping 
temperature diminishes. The other three 


sumably because the transformation has 
a not progressed far enough by the’ time 

room temperature is reached. In the three 
plain carbon steels, about 34 pct martensite 
- forms per °C over the linear portion of the 
curves, while in the nickel steels, this value 
- increases to approximately 1 pct martensite 
per °C despite the lower M, temperatures. 


eee 
* Percentages are on a volume basis. 


‘curves do not show this tapering off, pre-- 


387 


The curves in Fig 2 fit an empirical equa- 
tion of the type: 


P = 100 — k[T — (M, — M.°)}¢ 


% AUSTENITE 


geee 
% TRANSFORMATION 


g 


Fic 3—DATA OF FIG 2 PLOTTED AS LOG PER- 
CENTAGE AUSTENITE [LOG (100 — P)] AND LoG 
PERCENTAGE TRANSFORMATION [LOG P] vs 
Loc [T — (M, — 455)]. SYMBOLS ARE DEFINED 
IN TEXT. STRAIGHT-LINE RELATIONSHIP LEADS 
TO FOLLOWING EQUATION FOR PERCENT MAR- 
TENSITE AS A FUNCTION OF ABSOLUTE TEMPERA- 
TURE: P = 100 — 2.2 X 10-4! [T — 455)]*-7. 


where P is the pct martensite, & and c are 
constants, 7 is the absolute temperature of 
the quenching bath, M, is the M, (absolute) 
temperature of the steel in question, and 
M,° is the M, (absolute) temperature of a 
standard composition used for reference 
purposes. In the present case, M,° is taken 
as 455°K (182°C — 360°F), which is M, 
for a 1 pct carbon steel. 

Fig 3 shows log (100 — P) and log P 
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plotted against log [T — (M. — 455)], 
using the data given in Fig 2 for the five 
steels. From the straight line thus derived, 
the two constants may be evaluated: 


en 208 


the constants: k = 8.0 X 10-% and ¢ = 3.8. — 
These constants define the lightly ruled 
curves in Fig 2, which intersect the pre- : 
viously discussed curves at M, but which : 


a 


8 


) 


Ms POINTS (°C 
a 
fo) 


8 


ie) 
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20 4.0 
COMPOSITION (% NICKEL) 


Fic 4—VARIATION OF M, AS A FUNCTION OF CARBON CONTENT IN RANGE OF 0.75 TO 1.35 PCT } 
AND OF NICKEL CONTENT IN RANGE OF 0 TO 5 PCT AT 1.1 PCT CARBON LEVEL. M, POINTS ARE DETER~ _— 
MINED BY EXTRAPOLATION OF MARTENSITE CURVES IN FIG 2 TO 0 PCT TRANSFORMATION. INSET 
SHOWS PRESENT DATA (SOLID CURVES) SUPERIMPOSED UPON SUMMARIZED DATA OF GRENINGER! 


(OPEN CIRCLES). 


k = 2.2 X ro-Mandc = 4.75. Itis interest- 
ing to note that the room temperature 
points obtained with brine quenching fit 
the same equation as the higher tempera- 
ture points obtained with metal-bath 
quenching. Substituting 7 = 298° K (25°C 
— 77°F) in the equation yields retained 
austenite contents of 3.9, 19, 39, 49 and 55 
pet for the five steels listed in Table 2, 
where the experimentally determined val- 
ues may be compared. 

When these steels are oil quenched to 
room temperature, more austenite is re- 
tained than on brine quenching, as indi- 
cated in Table 2. These values also fall on a 
straight line in a log-log plot, and lead to 


COMPOSITION (% CARBON'P 


indicate less martensite formation below 
M,.* Evidently, even though M, is not 
affected by quenching rate, the extent of 
the transformation at any temperature 
below M, is dependent on the ing that 


rate. It may be worth emphasizing that 

this dependence is not in the nature of — 
suppression: in fact, the seitemarten: 
site reaction proceeds faster with respect to _ 
dropping temperature, the faster the rate of 
cooling. 


| 


*The lightly ruled curves represent the — 


amount of martensite formed as a function of — 
quenching bath temperature, wherein the 
quenching baths hypothetically match the oil 

quench at room temperature. ~ a 
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M, Temperatures 


The linear portion of the curves in Fig 
2 can be readily extrapolated back to zero 
transformation, thus providing a conven- 
ient determination of M,. The experi- 
mental points bunched at the extrapolated 
value in each case testifies to the validity 
of the extrapolation. Only in the 1.12 pct 
C steel is there any uncertainty (note the 
spread of values), and this is attributable 
to segregations. In other words, it appears 
that the austenite-martensite reaction in 
these high carbon steels does not set in 
slowly at M, as found in the lower carbon 


_ grades,’ but gets underway suddenly at its 


2 maximum rate. McReynolds!® has also 
observed very sharp M, points by following 


changes in electrical resistance during the 
quenching of wires. 

The M, temperatures are plotted as a 
function of carbon and nickel contents in 


a Fig 4, and these are the values used in the 


previous section dealing with the equation 
of the martensite reaction. Over the carbon 
range studied, M, is lowered by 2 50°C 
(40°F) per 1 pct carbon. As shown in the 
inset of Fig 4, these determinations over- 
lap, and constitute a logical extension of 
the lower carbon values of Greninger." 

At a carbon level of 1.1 pct, the effect of 
nickel on M, is not linear, although it may 


be substantially so up to 3.5 pct nickel. 
In the latter range, M, is lowered by 


20°C (36°F) per 1 pet nickel, and by 7°C 
(13°F) in the range of 3.5 to 5 pet nickel. 
This compares with a uniform lowering of 
20°C. (36°F) per 1 pet nickel up to 14 pet 
nickel in medium carbon steels.” i 


Isothermal Transformation Curves 


Specimens for isothermal studies were 
hot quenched to temperatures in the range 


‘of 80 to 300°C (175 to 570°F) and held for 


varying periods up to 100 hr. Before 
returning to room temperature, each speci- 
men was given the standard temper for 
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darkening the transformation products. 
The extent of transformation was measured 
by lineal analysis in each case, and the re- 
sults were plotted in the form of isothermal 


ISOTHERMAL TRANSFORMATIONS AT 200°C 
TTT Se at es en 


= 


meade 


Off 


Lt sortit 4 


LOG TIME (HR) 


Fic 5—ISOTHERMAL TRANSFORMATION 
CURVES FOR FIVE STEELS HOT QUENCHED TO 
200°C (390°F) AND HELD FOR 100 HRS. THIS 
TEMPERATURE IS BELOW M, FOR THE 0.75 PCT 
CARBON STEEL BUT ABOVE FOR THE OTHERS. 


reaction curves. Typical examples are 
given in Fig 5 for the five steels at 200°C 
(390°F), and in Fig 6 for the 1.12 pct 
carbon steel at six temperatures. Actually, 
all five steels were investigated at all six 
temperatures. 

When the holding temperature is above 
M,, the isothermal transformation starts 
from zero after an appreciable incubation 
period, and progresses in a normal manner 
at a rate that decreases with decreasing 
temperature, with increasing carbon con- 
tent and with increasing nickel content. 

When the holding temperature is below 
M,, the isothermal transformation again 
exhibits an incubation period, but it does 
not start from zero since some martensite 
forms during the cooling between M, and 
the holding temperature. Thus the iso- 
thermal transformation is superimposed 
upon an existing amount of martensite, 
whose pct is indicated either by the initial 
horizontal portion of the isothermal curves 
in Figs 5 and 6or by the martensite reaction 
curves in Fig 2. It will be shown later that, 
at temperatures not too far below M,, the 
entré of the isothermal reaction is speeded 
up by the presence of martensite, but the 


‘ 
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later stages of transformation are not so 
affected. 

Whether the holding temperature is 
above or below M, the isothermal reaction 


LI2%C STEEL 


martensite reaction at M,. The martensite 
range is depicted as a family of hori- 
zontal lines spaced with respect to temper- 
ature according to the amount of martensite 


% TRANSFORMATION 


LOG TIME (HR) 


Fic 6—IsoOTHERMAL TRANSFORMATION CURVES FOR THE 1.12 PCT CAEBON SISEU HOT QUENCHED 
TO THE INDICATED TEMPERATURES AND HELD FOR I00 HR. 300, 260 AND 200°C CURVES ARE ABOVE 


M, FOR THIS STEEL, OTHERS ARE BELOW. 


product is bainite. No evidence of iso- 
thermal martensite formation was found. 


Fig 7 illustrates the coexistence of marten- 


site and bainite in the 1.12 pct carbon steel 
after quenching below M, to 120°C 
(250°F) and prolonged holding for 100 hr. 


Austenite Transformation Diagrams 


By picking off the time-temperature 
combinations for various percentages of 
transformation from the smoothed mar- 
tensite curves in Fig 2 and from the 
smoothed isothermal curves typified by 
Figs 5 and 6, it is possible to construct the 
austenite transformation diagrams shown 
in Figs 8-12. These diagrams, though quite 
similar in principle, demonstrate clearly the 
depressing effect of increasing carbon and 
nickel on the martensite range and the 
retarding effect on the bainite reaction. 

The bainite curves exhibit the charac- 
teristic downward slope toward longer 
times, since all the temperatures studied 
here lie below the nose of the bainite or 
pearlite C-curves. However, this normal 
course is interrupted by the onset of the 


formed on the cooling temperature. 
These lines remain horizontal in point of 
time until the first traces of isothermal 


reaction are observed, and then bend up-— 


ward to meet the corresponding bainite 
curves extending down from the higher 
temperatures. In the two nickel steels (Figs 
11 and 12), the bainite transformation is so 
slow at temperatures below M, that the 
martensite and bainite families do not inter- 
sect within the 1oo hr period studied. The 


anticipated blending of the two sets of lines | 


undoubtedly occurs off the diagram. 


The locus of points at which the iso- © 


thermal transformation sets in below M, 
is represented by the dotted curves in Figs 


the beginning of bainite formation, which 
requires longer and longer times as the tem- 
perature is lowered above M,, actually 
requires somewhat less time as the tem- 
perature is lowered below M,. This speed- 
ing-up effect is noticed for about 20-30°C 


(35-55°F) and then a reversal occurs at’ 


still lower temperatures. The bottom part 
of this new C-curve flattens out within a 
limited range of temperatures, and hence 
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the stimulating influence of martensite on mal shape of the bainite curves extending 
the bainite formation rapidly fades out. In down from above M,. These trends were 
fact, even at the nose temperature, the indicated earlier? by other data.*.§ 

acceleration is observed only during the The speeding up of the beginning of iso- 


ey, * a A 
Fic 7—MarTENsITE ee BAINITE IN I.12 PCT CARBON STEEL. MARTENSITE FORMED ON HOT 
QUENCHING TO 120°C (250°F), AND BAINITE FORMED SUBSEQUENTLY ON HOLDING AT 120°C FOR 


too HR. NITAL ETCH. 1500X. 


TRANSFORMATION DIAGRAM FOR A .75%C S 


Fic 8—AUSTENITE TRANSFORMATION DIAGRAM FOR 0.75 PCT CARBON STEEL. HORIZONTAL LINES 
REPRESENT FORMATION OF MARTENSITE ON COOLING, CURVED LINES SHOW FORMATION OF BAINITE 
ON ISOTHERMAL HOLDING. DOTTED LINE INDICATES BEGINNING OF ISOTHERMAL TRANSFORMATION 


ON HOLDING BELOW Ms. 


first part of the isothermal transformation. thermal transformation just below M, is 
The latter part seems to take place at a due partly to the nucleation of bainite by 
rate more or less predictable from the nor- the existing martensite, as is found in high 
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speed steel. Both bainite and martensite 
enjoy the same lattice relationships relative 
to the austenite matrix.!* However, this 
may be only a secondary factor since much 
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little effect. Since decreasing temperature 
produces more martensite but lower diffu- 
sion rates, the C-curve behavior might well 
be expected. 


TRANSFORMATION DIAGRAM FOR L12%C STL. 
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Fic 9 —AUSTENITE TRANSFORMATION DIAGRAM FOR 1.12 PCT CARBON STEEL. SEE CAPTION OF 
Fic 8. 


FIG 10—AUSTENITE TRANSFORMATION DIAGRAM FOR 1.35 PCT CARBON STEEL. SEE CAPTION OF 
Fic 8. 


of the premature bainite forms “in the 
clear’”’ away from the martensite plates. 
Possibly, deformation of the austenite by 
the martensite reaction stimulates the sub- 
sequent bainite transformation. In any 
case, the reaction temperature is an 
important consideration because if it is too 
low, even large amounts of martensite have 


The 5 pct curve for the 1.35 pct carbon 
steel exhibits on interesting anomaly in that 
it bends back to shorter times just above 
M,. No martensite is present to account for 
this accelerated effect. A new transforma- 
tion product is found in this range (see 
below), and seems to account for the ob- 
served change in kinetics. 
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Microstructures 


With the exception of the new structure 
in the 1.35 pct carbon steel mentioned 
above, the same types of transformation 
products appear in all five steels. In general, 


TRANSFORMATION DIAGRAM FOR 1.1% C-3.5%Ni STL. 
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higher-temperature form of bainite. It is 
partly massive or arborescent!4 and partly 
plate-like. With decreasing temperature 
(Figs 14 and 15) the massive variety 
gradually disappears in favor of the plate 
type, and the latter becomes more acicular. 


Fic 11—AUSTENITE TRANSFORMATION DIAGRAM FOR I.1 PCT CARBON—3.5 PCT NICKEL STEEL. 
SEE CAPTION OF FIG 8. 


TRANSFORMATION - i 
ON DIAGRAM FOR A 11% C-5% Ni. STL. 


Fic 12— AUSTENITE TRANSFORMATION DIAGRAM 


FOR I.I PCT CARBON—5 PCT NICKEL STEEL. 


SEE CAPTION OF Fic 8. 


a given type of bainite occurs at lower 
temperatures, the higher the carbon and 
nickel contents. The series of micrographs 
in Figs 13-18, taken from the 1.35 pct 
carbon steel, serves to illustrate the micro- 
structures observed. Fig 13 shows the 


At 160°C (320°F), which is still well 
above M, for this steel, the new product is 
found (Fig 16). It consists of long, thin 
plates or needles which do not fit in with 
the foregoing progression of bainitic struc- 
tures. However, on further reaction at this 
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temperature, the new product does not 
form exclusively, but gives way to the 
heavy type of plate shown in Fig 15. At 
120°C (250°F) (Fig 17) the thin product is 


The acicular structure is even coarser than 
the heavy bainite plates. An example of 
coexisting martensite and bainite produced 
by holding below M, is given in Fig 7. 


‘FIG 13—ISOTHERMAL TRANSFORMATION PRODUCT IN 1.35 PCT CARBON STEEL AFTER ONE-HALF HOUR 
AT 300°C (570°F). NITAL ETCH. 1500. 
Fig 14—ISOTHERMAL TRANSFORMATION PRODUCT IN 1.35 PCT CARBON STEEL AFTER ONE HOUR AT 
260°C (s500°F). NITAL ‘ETCH. 1500. 


more in evidence and here the reaction has 
gone sufficiently far to generate some of the 
heavy plates. 

By way of comparison, Fig 18 shows the 
nature of the martensite found in this steel. 


The new product was found only in the 
1.35 pct carbon steel, and its formation 
coincides with the change in kinetics be- 
tween 160°C (320°F) and M,. It has the 
shape of cementite plates,!® but the dark- 


eames went 
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etching characteristics of bainite. Its origin respect to dropping temperature has been 
is possibly related to the high carbon con- determined, and a single empirical equation 
tent of the steel. has been fitted to the five curves. Increasing 


ORMATION PRODUCT IN 1.35 PCT CARBON STEEL AFTER 20-HK AT 


I'tc 15-—ISOTHERMAL TRANSF 
200°C (390°F). NITAL ETCH. 1500X. 


Fic 16—IsSOTHERMAL TRANSFORMATION PRODUCT IN 1.35 PCT CARBON STEBL AFTER 20 HR AT 
160°C (320°F). NOTE CHANGE IN CHARACTER OF THE PLATES AS COMPARED TO Fic 15. NITAL ETCH. 


1500X. 


carbon or nickel lowers M, and increases 
the amount of austenite retained at room 
1. The transformation of austenite into temperature. 


CONCLUSIONS 


martensite and bainite has been studied 3. Increasing the quenching rate, while 
quantitatively by lineal analysis in a series not affecting M,, increases the rate of 
of five high carbon and nickel steels. martensite formation with respect to 


2. The rate of martensite formation with dropping temperature, and therefore de- 
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Fic 17—ISOTHERMAL TRANSFORMATION PRODUC! IN 1.35 PCT CARBON STEEL AFTER 100 HR AT 
120°C (250)°F. NITAL ETCH. 1500X. 

Fic 18—MaArTENSITE (TEMPERED) IN 1.35 PCT CARBON STEEL, BRINE QUENCHED TO ROOM TEM- / 

PERATURE. ABOUT 40 PCT RETAINED AUSTENITE IN SPECIMEN. NITAL ETCH. 1500X. ; 


creases the amount of austenite retained at 
room temperature. 

4. Isothermal transformation of austen- 
ite into bainite occurs above and below M, 
with an incubation period in both cases. 
In general, the rate of bainite formation de- 
creases with decreasing temperature in the 
range studied, except just below M, where 
the existing martensite hastens the onset 
of the isothermal transformation. 


5. The low temperature part of the 
austenite transformation diagram has been 
established, with detailed blending of the 
martensite and bainite regions. 

6. In the 1.35 pct carbon steel, an 
anomalous change in the beginning of iso-- 
thermal transformation occurs between 
160°C (320°F) and M,. This behavior 
coincides with the formation of a very thin 
plate-like product that does not belong in 
the bainite sequence. 
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DISCUSSION 
(S. Epstein presiding) 

R. A. Grance*—In thoroughly exploring 
the lower portion of the isothermal transforma- 
tion diagram the authors have performed a 
service that is as valuable as it is difficult. 
Working principally with medium carbon 
steels, we have repeatedly tried to fill in this 
portion of the diagram with only moderate 
success; the combination of the lineal measur- 
ing method of Howard and Cohen® and selec- 
tion of high-carbon steels seem to have resulted 
in accurate and reliable data. 

The authors find that curves representing 
martensite formation as a function of tempera- 
ture are straight lines from M, to about 50 pct 
martensite, whereas other such published 
curves®? taper off as M, is approached. In our 
experience, the shape of this curve is apprecia- 
bly influenced, particularly just below M,, by 
the presence of segregation (banding); the 
more severe the segregation, the more gradually 
the curve tapers off. In a recent study of the 
effect of carbon on martensite formation in two 
low-alloy steels, we also observed that mar- 
tensite seemed to form more abruptly (curve 
tapered off less) the higher the carbon content. 
These two factors may explain why the au- 
thors, who used samples of high-carbon steel 
from small induction furnace heats in which 
segregation was further “minimized by the 
method of sampling, obtained curves that are 
straight lines between M, and about 50 pct 
martensite. 

Messrs. Howard and Cohen find that in- 
creasing the cooling rate increases the amount 
of martensite formed on quenching to a tem- 
perature below M,. This means that the 
location of the lines on their austenite trans- 
formation diagram showing how bainite 
blends into martensite are influenced by cooling 
rate and hence do not, strictly speaking, be- 
long on an isothermal transformation diagram; 
furthermore, such data should seemingly not 
be applied quantitatively to pieces of steel 
appreciably larger in cross-section than the 
small specimens used in this investigation. 

It is surprising to find in Howard and 
Cohen’s work that quenching to room tem- 
perature in brine matched the quenching 


* J, S, Steel Corporation, Research Labora- 
tory. 
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effect of hot lead-alloy baths, whereas quench- 
ing in oil to room temperature did not; we 
would have anticipated the reverse, inasmuch 
as wé have found a hot-lead quench to be 
approximately equivalent to an. oil quench. 
However, this statement is based on measure- 
ments of center cooling rates in much larger 
pieces than those used by the authors. 

It is interesting to note that while nickel and 
carbon lowered M;, as shown by the authors’ 
Fig 4, neither element apparently widened the 
temperature range of martensite formation, 
since the slope of the curves of Fig 2 does not 
increase with increasing carbon or nickel. 
This does not agree with data published by 
Grange and Stewart? which indicate that car- 
bon widened the temperature range of mar- 
tensite formation. 

We were puzzled by the authors’ statement 
that ‘‘no evidence of isothermal martensite 
formation was found.” Does this mean that the 
authors believe there might be such a con- 
stituent as “isothermal martensite?” If so, we 
would like to ask them how they would dis- 
tinguish it from bainite. 


P. K. Kon*—The authors are to be con- 
gratulated for developing an exact technique 
to analyze the most important transfor- 
mation in metals. The results produced and 
the “conclusions drawn are most revealing and 
interesting. 

I have no comment to make on this paper, 
but would like to ask one question. I wonder 
whether the authors have attempted to meas- 
ure the microhardness of the transformation 
products at the various stages of the trans- 
formation. The microhardness measurement 
will indicate what proportion of the resultant 
hardness of white martensite is due to the 
internal stresses. If the required hardness of a 
tool steel can be attained by isothermal trans- 
formation below the M, temperature and thus 
accompanied with little internal stresses, dis- 
tortion of tools during heat treating could be 
avoided, and the wearing of cutting point of 
tools due to possible fracture by triaxial 
stresses may also be reduced. 


S. Epsternt}—The martensite’ transforma- 
tion starts at a higher temperature and does 


* Standard Oil Company (Indiana). 
} Bethlehem Steel Co., Bethlehem, Pa. 


not tend to finish until a considerably lower _ 
temperature is reached. Thus in a rather low ; 
carbon steel of say 0.2 pct carbon, the marten- 
site transformation starts at the high temper- 
ature of about 800°F. When is it finished? Is 
the transformation completed upon cooling to 
room temperature? I am thinking of dilatation. 
Would it be your guess that on cooling all of 
the expansion which accompanies martensite 
formation in low carbon steel is finished well 
above room temperature, at say 300°F, or do 
you think there is still some expansion going 
on until room temperature is reached? 


D. N. Rosensiatr*—I would like to ask the 
authors one question in connection with the 
micrograph they have in the paper, Fig 7. They 
explain that the martensite seems to stimulate 
the subsequent bainite transformation, yet the 
micrograph shows areas, other than martensite- 
austenite interfaces, where bainite has nu- 
cleated. They further suggest that deformation 
of the austenite by the martensite reaction may 
be responsible for hastening subsequent 
bainite transformation. I would like to ask 
them if any work has been done, to their 
knowledge, to show the effect of plastic de- 
formation of austenite prior to isothermal 
transformation, or if they have done any work 
of this nature which might substantiate the 
“deformation” theory? 


C. T. Patrersont—The well known Had- 
field manganese steel used for crusher jaws is 
quenched to austenite which is supposed to 
transform to martensite only when distorted. 
This phenomenon is well known and does it 
not have a considerable bearing on the question 
previously raised? _ 


s 
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L. D, Jarret—In an earlier paper,® the 
authors established the ‘reliability of the 
Hurlbut lineal counter method for determining ° 
the percentages of microconstituents about 15 
times as coarse as some of those studied in the 
present work. A question still remains as to the 
reliability of the method for structures as fine 
as those of Fig 16, for example. The data of the 
previous paper indicate that a field at 1500 X 
moved across the microscope cross-hairs at 
0.16 in. per sec. Since much of the transforma-’ 

*American Foundry and Machine Co., 
Salt Lake City, Utah. 


+ Solvay Process Co., Syracuse, N. Y. 
t Watertown Arsenal, Watertown, Mass. 
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tion product in Fig 16 appears thinner than 


‘ 0.16 in. the counter keys must have been de- 


Ra ae em 


pressed, held for the proper time, and then 
released, all within a fraction of a second. Was 
any check made of the reliability of the method 
under such conditions? 

Tf no such check was made, it seems possible 
that anomaly observed for the 5 pct transfor- 
mation in the 1.35 pct carbon steel might arise 
from the difficulty of accurately determining 
the percentage of very fine microconstituents. 
If the operator could not depress and release 
the keys rapidly enough, he would necessarily 
obtain a high reading on very fine constituents. 


R. T. Howarp, Jr. and M. CoHEn (authors’ 
reply)—As Mr. Grange points out, there is 
some question as to the exact shape of the 
martensite formation curve just below M,. His 
explanation of the influence of segregation is 
entirely reasonable. If M; is taken as the 


~ temperature at which the first few martensite 


plates are observed, there is no assurance that 
the areas exhibiting these plates are truly 
representative of the whole steel. This is why 
we have placed more weight on the extrapola- 
tion to zero of the martensite curve which is 
based on many points quantitatively deter- 
mined at the lower temperatures. Presumably 
both methods of M, measurement will tend 
toward the same result if the steel is sufficiently 
homogeneous. However, even in the present 
study, it was generally possible to detect 
minute traces of martensite about 5°C above 
the extrapolated M, temperature. 

Although the progress of the austenite- 


~~ martensite reaction below M, is affected by the 


rate of cooling, this variable is only a secondary 
factor: The blending of the martensite and 
bainite ranges is properly depictable on an 


isothermal diagram with just as much rigorous- 


ness as the pearlite C-curves because the latter 
are also influenced by the rate of cooling, at 


least to a minor degree. In both cases, we 


represent the course of isothermal austenite 
decomposition after quenching as rapidly as 
possible to the temperature in question. And 
in neither case can the data be quantitatively 
applied to considerably larger pieces of steel. 

Our use of brine quenching has been re- 
cently extended to 80°C (175°F) and the 
course of the martensite reaction from this 
temperature down to 20°C (68°F) plots on the 


399 


same smooth curve determined by quenching 
into lead-alloy baths between M, and go°C. As 
far as this transformation is concerned, brine 
and lead-alloy baths seem to match quite well. 

According to our findings, the martensite 
range is not widened by increasing carbon, un- 
like the published data of Grange and Stewart.’ 
The real point at issue lies in the determination 
of M,;, which is most uncertain by metallo- 
graphic methods because of the difficulty in 
ascertaining when all the austenite (or 99 pct) 
is converted. In fact, the higher carbon austen- 
ites do not transform completely even on sub- 
zero cooling. Over the limited range of carbon 
contents investigated here, dilatometric runs 
show that the austenite-martensite reaction 
stops at about —155°C (—250°F). Since the 
M, definitely drops with increasing carbon, it 
appears that the martensite range becomes 
narrower rather than wider as the carbon 
content is raised. 

The possibility of ‘isothermal martensite 
formation”? was mentioned by the authors 
because precision length determinations in a 
companion program have given just such evi- 
dence. The distinction between isothermal 
martensite and bainite was established by the 
kinetics of the reaction, not by the microscopic 
appearance. The details are presented in a 
recent paper.* 

In reply to Dr. Koh, we regret to advise that 
no microhardness measurements have been 
made on the transformation products. Un- 
doubtedly, these, products do change in 
hardness as a function of reaction time and 
temperature, but the magnitude is not known. 
It is not believed, however, that isothermal 
transformation below M, is a practical way of 
hardening these steels. The holding time for 
anything like complete transformation is ex- 
cessively long, and the attendant tempering of 
the product causes undue softening. Perhaps 
the optimum combination of high hardness and 
minimum internal stress can be attained by 
martempering, rather than by isothermal 
transformation within the martensite range. 

‘We cannot answer Dr. Epstein’s question 
relative to the martensite range in a 0.2 pct 
carbon steel. No detailed measurements have 


*B. L. Averbach‘and M. Cohen: Tsothermal 
Decomposition of Martensite and Retained 
Austenite. Submitted to the American Society 
for Metals. 
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been made. However, inasmuch as retained 
austenite has been detected in 0.45 pct carbon 
steel, it is evident that at least down to this 
carbon level, the hardening transformation 
continues to room temperature. Nevertheless 
this does not mean that the steel undergoes 
expansion on approaching room temperature. 
The expansion due to the austenite-martensite 
reaction at this stage is probably not sufficient 
to offset the normal contraction due to cooling. 

Mr. Rosenblatt has inquired about the 
bainite in Fig 7 that has not been nucleated by 
the martensite. The authors have suggested 
that deformation of the austenite by the mar- 
tensite may accelerate this isothermal bainitic 
transformation. This effect has been studied 
by Elmendor® who followed the rate of bainite 
formation in the presence of various amounts 
of martensite. Also, the isothermal transforma- 
tion of austenite into bainite (and pearlite) is 
definitely accelerated by plastic deformation. 
Furthermore the Hadfield manganese steel, 
mentioned by Mr. Patterson, is commonly be- 
lieved to undergo some sort of austenite de- 
composition when cold worked, but the product 
has not been clearly ascertained. 

The lineal analysis method, questioned by 
Mr. Jaffe, has received a great deal of use at 
M.I.T. by several independent observers since 


our first description of the technique,? and has 
been found reliable and easily applicable to the 
fine structures at hand. In fact, even when 
dealing with amounts of retained austenite 
down to a few percent, reasonably good agree- 
ment has been obtained between lineal analysis 
and X ray diffraction.* The measurement of a 
few percent of a fine product by lineal analysis 
(dark structure against a light background) is 
a relatively simple problem, and can be carried 
out with considerable certainty. Although, as 
Mr. Jaffe indicates, the experimental error 
tends to become larger as the structure be- 
comes finer, this cannot explain the anomaly in 
the 1.35 pct carbon transformation diagram. 
It may be pointed out that not only the 5 pct 
curve, but also the 15 and 25 pct curves in Fig 
8, show faster transformation at 120°C (250°F) 
than would be anticipated from the normal 
trend at the higher temperatures. Since the 
lineal analysis cannot be in error by the 10-20 
pct necessary to explain away this anomaly, the 
authors must conclude that the acceleration of 
the reaction at 120°C is real. 


*B. L. Averbach and M. Cohen: X ray 
Determination of Retained Austenite by 
Integrated Intensities, TP 2342, Metals Tech., 
Feb. 1948. This volume, p. 4o1 
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X Ray Determination of Retained Austenite 
by Integrated Intensities* 


By B. L. AVERBACH,| JUNIOR MEMBER, AND M. Conen,| Memper AIME 


(New York Meeting, February 1948) 


THE PROBLEM 


Many hardened steels contain significant 
quantities of retained austenite even in 
cases where the carbon and alloy contents 
are low. In fact austenite has been detected 
in plain carbon steels containing as little as 
0.50 pct carbon.! Although the austenite 
may not be visible metallographically it 
causes definite dilatometric and magnetic 
effects during subsequent tempering or sub- 
atmospheric cooling.!? Therefore if the 


reactions which hardened steels undergo 


during later treatment are to be understood 
in quantitative fashion it is most essential 
to have some kind of absolute analysis for 
the austenite content in hardened steels. 
Once this analysis has been made, the 
austenite transformations can be followed 
precisely by observing such sensitive phe- 
nomena as changes in length or in magneti- 
zation but the latter techniques can only 
determine differences in the amount of 
retained austenite and usually an independ- 
ent method must be found to put these 


- differences on an absolute basis. 


In certain instances the microscope can 
be used advantageously to determine the 
percentage of retained austenite. The 
quenched sample is tempered to “darken” 


Manuscript received at the office of the 
Institute November 12, 1947. Issued as TP 
2342 in METALS TECHNOLOGY, February 1948. 

* This paper is based on a portion of the 
thesis submitted by B. L. Averbach in fulfill- 
ment of the requirements for the degree of 
Doctor of Science in Metallurgy at the Massa- 
chusetts Institute of Technology, September, 


and Professor of 


LOAT. 
+ Assistant Professor 
Massachu- 


Physical Metallurgy, respectively, 
setts Institute of Technology. 
1 References are at the end of the paper. 
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the martensite with minimum decomposi- 
tion of the coexisting austenite, and then is 
polished and etched in the usual fashion. 
If the austenite is clearly distinguishable 
from the tempered martensite and other 
possible constituents its volume percentage 
can be measured quantitatively by point 
counting or lineal analysis.4 Such micro- 
scopic methods, however, depend on the 
etch being sufficiently discriminatory. In 
fairly coarse structures, if the austenite 
content is greater than 10-15 pct, there 
is probably little smearing of the etch, 
and point counting or lineal analysis seems 
to be quite accurate. On the other hand if 
the structure is difficult to resolve, as in 
commercially treated fine-grained steels 
which contain less than 10-15 pct retained 
austenite, the latter may be completely 
obliterated by the dark etching martensite 
or it may appear disproportionately low as 
the interfaces between the two constituents 
become difficult to distinguish. Another 
disadvantage of the metallographic method 
is the need for “‘darkening” the martensite 
and hence the determination cannot be 
applied to as-hardened steels. The required 
tempering may spoil the structure for other 
tests or may even remove a small part of 
the austenite which is being sought. 

X ray methods hold more promise for 
covering the range under 15 pct retained 
austenite. Although austenite and marten- 
site in the hardened steel may be chemically 
identical, their crystal structures and lat- 
tice parameters differ, and the intensity of 
an austenite diffraction line is some con- 
tinuous function of the percentage of re- 
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tained austenite in the sample. Because of 
the theoretical advantages of the X ray 
approach it was felt desirable to reexamine 
critically the potentialities of the method 
despite previous work on the subject by 
one of the authors?-* and others.*® 


PREVIOUS X RAY METHODS 


Tamaru and Sekito® employed a Debye- 
Scherrer camera in which a rotating steel 
specimen was exposed alternately with a 
strip of gold, the latter providing reference 
lines for standardizing the exposure and 
developing conditions. This method was 
calibrated with a completely austenitic 
structure of high-manganese steel and was 
therefore open to question when applied to 
plain carbon steels. Moreover the investi- 
gators used only the peaks of the micro- 
photometer traces rather than the actual 
peak intensities of the diffraction lines. 

In the method of Gardner, Antia and 
Cohen,® the same X ray principle was ap- 
plied by exposing the sample simultane- 
ously with a standard aluminum foil in a 
Phragmen camera. The ratio of the peak 
intensity (or maximum blackening on the 
photographic film) of the (200) austenite 
line to that of the (200) aluminum line, as 

‘determined from a microphotometer trace, 
was taken as a measure of the austenite 
content. This method was calibrated with a 
series of steels whose austenite contents 
were previously known from point-counting 

_ measurements. At high austenite contents 

the calibration was probably quite accurate 
and resulted in a straight line which ap- 
parently passed through the origin. How- 
ever, close to the origin the accuracy was 
rather low and the calibration became un- 
certain in the region under ro pct austenite. 
Fletcher’s modification? consisted of tem- 
pering the sample at 150°C (300°F) to 
collapse the martensite (r1ro-101) doublet 
thus exposing the (111) austenite line 
which is considerably more intense than the 
(200) line. 


In addition to the uncertainty in the 


microscopic calibration there is an inherent 
error in extending the calibration plot as 4 
straight line through the origin. The peak 
intensity of a diffraction line is not only a 
function of the amount of a given phase but 
is also influenced greatly by the physical 
condition of the diffracting crystals. As the 
hardening reaction proceeds, the particle 
size of the retained austenite becomes 
smaller and soon after it reaches the point 
where it can no longer be resolved under 
the microscope, line broadening begins to 
occur with a corresponding decrease in the 
peak intensity. 

Retained austenite crystallites are also 
apt to be considerably distorted because the 
transformation product has a greater spe- 
cific volume than the austenite from which 
it forms and such distortion further reduces 


the peak intensities appreciably. These 


factors cannot be circumvented by an 
independent calibration with point count- 
ing or lineal analysis because of the metal- 
lographic difficulties with low percentages 
of austenite, and thus the X ray determina- 
tion tends to err on the low side. However, 
the total diffracted energy in each line is 
essentially independent of particle size and 
lattice, distortion and hence the integrated 
intensity (which is directly proportional 
to the diffracted energy) should be a more 
reliable measure of austenite content than 
the peak intensity. 

The present paper describes an X ray 
procedure for the quantitative deter- 
mination of retained austenite based on 


integrated intensities rather than peak in- . 


tensities. Not only does the method work 
satisfactorily on as-hardened steels con- 
taining metallographically invisible quan- 
tities of austenite but it requires no prior 
tempering or independent calibration. Fur- 
thermore a reference foil for standardizing 
the exposures and developing conditions 
becomes unnecessary because, in effect, the 


coexisting martensite is used as an internal | 


standard. Good agreement is found with 
lineal analysis in those cases where the 
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latter may be properly applied. Finally, 
several examples are given of the results ob- 
tained with the new X ray method. 


QUANTITATIVE ANALYSIS BY THE 
INTEGRATED-INTENSITY METHOD 


If a mixture of martensite and austenite 
(with or without other phases) is irradiated 
with X rays, each crystal will diffract in 
accordance with the Bragg law. The dif- 
fracted energy at each Bragg angle from a 
polycrystalline sample may be written for 
given camera and exposure conditions as: 


P= COnst. 5 al ?m(L.P.)e-™ V.A(6) 


Eqt 


P, = const. RV.A(6) Eq 2 


where: 

P. = power per unit length of diffrac- 
tion line for a particular diffrac- 
tion line of substance a, in 
arbitrary units 

Yq = volumeof unit cell of substance 
a, in (kX)? units 
F = structure factor per unit cell 
m = multiplicity of diffracting plane 
(L.P.) = Lorenz and polarization factor 
e-2M@ = Debye-Waller temperature fac- 
tor 
Va = volume of substance @ irradi- 
ated, in cm* 
A(@) = sample absorption factor 


6 = Bragg angle 

The constant is independent of the kind 
and quantity of the diffracting substance. 

If martensite is taken as the substance a 
than a similar equation may be written for 
each diffraction line of austenite (y), in 
which V and vy appear instead of Va and 
Va. For each line the factors 2, F, m, (L.P.) 
and e~2 may readily be calculated from 
tabulated or measured data and may be 
lumped into the coefficient R in Eq 2. How- 
ever the volume irradiated (V) remains as 
an unknown and the absorption factor 
(A(@)) depends on the geometry of the 
sample (Appendix A). With a flat sample 
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set at a grazing angle (@) the absorption 
factor has been shown to be’: 


a sin (20 — $)(sin $) 
A == 
(8) Bp sin (20 — $) +sin ¢ 
==-A"(6) Eq3 
where: 
a = cross-sectional area of collimated 
X ray beam 


pf = average linear absorption coefficient 
for the overall specimen 

Since @ is a constant for a given exposure, 
the factor A’(@) varies only with @ in a 
smooth curve such as the one plotted in 
Fig 1 for the case when @ = 60°. However, 
a and f are also constants for a given expo- 
sure and specimen and therefore Fig 1 has 
the shape of the A(6) vs. @ curve. 


P Va 
To determine the volume ratio v. the 
sy 


diffraction lines of the steel specimen are 
microphotometered and the integrated in- 
tensity (P) for each line is determined in 
arbitrary units. Division of these observed 
intensities by the appropriate values of K 
(Appendix A) will leave the product 
V.:A(0) for the martensite lines and 
V,: A(6) for the austenite lines. Since Ve 
is a constant for all the diffraction lines 


- from the martensite, a plot of V+ A(@) vs. 


@ should have the same general shape as the 
curve in Fig 1. Similarly, Vy is a constant 
for all the austenite lines and a plot of 
V_-+ A(@) vs. @ should also have the same 
shape as in Fig 1. Inasmuch as A (8) varies 
only with @ for a given exposure and 
sample, the relative displacement of the 
-curve from the a-curve is due only to the 
fact that V, is different from Vy. The con- 
stant factor by which the ordinates of the 
y-curve must be multiplied to place them é 
on the a-curve is thus equal to the volume 
ratio Me or the volume percentage ratio = 
a Ye 

If no other diffracting medium is present 
in the sample, the volume percentage of 
each constituent may then be calculated 
from the additional fact that a + y = 100: 
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On the other hand if a third phase such as un- 
dissolved carbide is also present, the latter 
may be determined by lineal analysis, and 


a+ y= 100 — vol pet of carbide. Eq 4 


error, or as in the present work they may be 
measured by lineal analysis and taken into 
account. It should be noted that such 
metallographic data are used here only for 


ABSORPTION CORRECTION FOR FLAT SAMPLE 


@ (DEGREES) 


“FIG 1—VARIATION OF ABSORPTION FACTOR A’(@) WITH DIFFRACTION ANGLE FOR A FLAT SAMPLE. 


For example if 5 were found equal to 9.0 


‘by the above X ray method and lineal 
analysis showed the carbide volume to be 
2.0 pct, then y would be 9.8 pct; whereas if 
the carbide were neglected, y would be 10.0 
pet. Thus because of the nature of the 
problem, appreciable quantities of a third 
phase may be neglected without significant 


secondary correction purposes and not for 
calibration of the X ray method. 


EXPERIMENTAL PROCEDURE 


The procedure may be illustrated by 
describing the determination of retained 
austenite in a plain carbon tool steel whose 
composition is listed in Table 1. The sample 
was a cylinder 3¢-in. diam by 5¢-in. long 
austenitized for 30 min. at 790 + 3°C 


Oa 
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(1450 + 5°F) in a lead pot and quenched 


into agitated water at 20°C (68°F). After 
heat treatment about 1} in. was slowly 
removed from the flat surface on a wet 
grinder «with precautions taken not to 
temper the specimen. After a standard 
metallographic polish and etch with r pct 
nital, the sample was examined for evidence 
of tempering and flow. Pitting of the undis- 
solved carbides was avoided since the 
diluting effect of these carbides was con- 
sidered in subsequent calculations. 

The specimen was then mounted in a 
Debye camera (radius 4.72 cm) so arranged 
that the grazing angle ($) with the flat 
polished section was 60°. This angle was 
experimentally determined as being small 
enough to allow the (200) martensite line 
to diffract and large enough to prevent 
excessive line broadening on account of the 
obliqueness of the irradiated surface. A flat 


£ sample was used because of the ease of 


duplicating the surface preparation and 
because it was possible to remove sufficient 
metal from the surface to avoid edge effects. 
A plane surface is also an efficient diffract- 
ing shape and exposure times were con- 
siderably less than for a wedge or a thin 
rod. Monochromatic Co Ka X rays were 
obtained by the diffraction of cobalt radia- 
tion from the (200) face of a rock salt 
crystal mounted directly on the camera in 
front of the collimating system which de- 
fined a beam of approx. 1 mm diam. 
Although the half and third wavelengths 


TABLE 1—Analyses of Steels 


Weight, Per Cent 


Type Code 
C | Si|Mn| S$ DP) |} Cr 
eS eS a eee 
pes K_ |1.07/0.23}0.25|0.014/0.011 
eae T |1.00}0.35]0.37 1.56/0.21 


were also present, they did not interfere 
with the determination since only the 
relatively weak lines of the austenite and 
martensite were used. Monochromatic 
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radiation was necessary to minimize the 
background intensity so that the very weak 
lines for low percentages of austenite would 
be visible, and the camera was evacuated 
also to reduce air scattering. Segregated 
areas in the specimen were avoided and in 
view of the fine grain. size (ASTM No. 9) 
obtained from this particular heat treat- 
ment no sample oscillation was necessary 
to obtain uniform diffraction lines. Expo- 
sure times were about 24 hr and the central 
reproduction in Fig 2 shows the diffraction 
pattern obtained by this method for the 
plain carbon steel quenched from 790°C 
(1450°F). 

The X ray patterns were recorded on 
Eastman No-Screen film, and all films were 
processed:so as to produce a linear blacken- 
ing vs. intensity curve up to a blackening of 
1.5. In practice, however, the maximum 
blackening used was approximately 1.2. 
These films were then microphotometered 
in a Kipp and Zonen recording micro- 
photometer with the light intensity ad- 
justed to provide the greatest possible 
sensitivity. The central trace of Fig 3 shows 
the microphotometer record of the corre- 
sponding film of Fig 2. This densitometer 
trace was then converted to a blackening 
curve and the area under each peak was 
measured. This area is proportional to the 
integrated intensity which, in turn, is 
proportional to P in arbitrary units in Eq 1 
and 2. 

Most of the factors for the quantity R in 
Eq 2 have been tabulated and their calcula- 
tion is discussed in Appendix A. The 
quantitative analysis of multiphase alloys 
by X ray diffraction may, however, be sub- 
ject to serious error if extinction and micro- 
absorption effects are present. A discussion 
of these factors is included in Appendix B to _ 
demonstrate that they introduce little or no 
error in retained austenite determinations 
but that they may be far from negligible in 
other multiphase systems. Another possible 
source of error occurs in the tempering of 
the steel because tetragonal martensite 
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~ AUSTENITE — 
MARTENSITE 


_ WATER QUENCHED , COOLED 
IMMEDIATELY TO = 321sr 


QUENCHED. INTO WATER AT 
‘125°F, AIR COOLED TO ROOM 


TEMPERATURE. 


b 


Fic 2—X RAY DIFFRACTION PATTERNS S (FULL SIZE) witH CoKa MONOCHROMATIC RADIATION, SHOW- 
ING AUSTENITE AND MARTENSITE LINES IN A PLAIN CARBON (1.07 C) STEEL. 


4 undergoes patfial decomposition even on 
aging at room temperature.® The attendant 
precipitation remoyes iron atoms from the 
martensite and detracts from the diffracted 
energy of the martensite lines. However, 
even with the generous assumption that the 


ay, |S ae 


220° <sIKCereNae 


9.3% AUSTENITE. 


14.1% AUSTENITE 


Sa ee | 


initial precipitate is FesC instead of FesC © 
the extent of precipitation below 120°C 
(250°F) is not sufficient to cause a detec- 
table change in the integrated intensity of 
the martensite lines although of course their 
shape and peak intensities are altered — 


appreciably. On this same basis tempering 
_ for 1 hr at 150°C (300°F) results in less than 
a to pct decrease in the integrated inten- 
sity. Accordingly the X ray method may be 


—— 
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units for the lines of plain carbon steel 
(1.07 C) exposed 30 hr after hardening are 
listed in Table 2. On plotting the values of 
V.:A(@) for the martensite lines in Fig 4 
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safely applied to hardened steels’ despite 
a long aging at room temperature or slightly 


above. . 
The integrated intensities in arbitrary 
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it is seen that the shape of the absorption 
curve is the same as that predicted by the 
calculated curve in Fig 1. Similarly the 
values of V,°A(0) for the austenite points 
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lie on a curve considerably lower than that 
for martensite. From Fig 4 it is evident that 
the y (200) must be multiplied by 9.7 and 
the y (311) by 9.2 to bring them up to the 


2.6 pct of carbides from the total carbon, it 
would seem that about 0.9 pct carbon is in 
solution. The M, point for such a steel has 
been given as about 205°C (400°F) by 


; : 
martensite curve. On averaging, the ratio Greninger and Troiano’ and this corre-_ 
a sponds exactly with the M, point measured — 
ee under the conditions at hand. ; 

TaBLE 2—Integrated Intensities for Austenite Determination 5 
K Steel (1.07 C), austenitized at 790°C, quenched into water at 20°C. 2.6 pct carbides 4 
5 
. ted y Volume, — 
foe Line | meewity, P Per Cent ; 
r 
Martensitesl stews crc se sess teats es (200) 4.8490 ‘ 
(211) 19.431 J 
(220) 9.591 4 
9.3 « 
Austenitencniteyece eo ean ae atone (220) 1.005 ‘ 
(311) 2.318 
Qa 
== 0.5 : 
af 
a+ y = 100 — 2.6 = 97.4 
y = 9.3 volume per cent 


TABLE 3—Effect of Room Temperature 
Aging on Retained Austenite Contents 
K Steel (1.07 C), austenitized at 790°C, 
quenched into water at 20°C 


Volume Percentage 


Time 

Sample after 
neaen Retained : 
(Hr) Carbides | AV stenite | Martensite 


If the whole sample were composed 
entirely of austenite and martensite, the 
percentage of austenite would be 9.5 
pet. Undissolved carbides were, however, 
plainly visible under the microscope and 
were measured by lineal analysis as 2.6 pct 
by volume. Hence, with the aid of Eq 4 the 
austenite content turned out to be 9.3 pct. 

The carbide volume can also be checked 
from the M, point determination. If we 
assume for the plain carbon steel (1.07 C) 
that the undissolved carbides are present 
as Fe,C, on subtraction of the carbon in the 


To check on the reproducibility of the 
austenite determination another exposure 
was made on the same sample immediately — 
afterwards. This result and the results an 
several other samples hardened identically 
are shown in Table 3 from which it isl 
evident that aging at room temperature 
produces a progressive decrease in the — 
austenite content. The error in the deter 
mination was estimated to be +5 pct of the 
amount of retained austenite or +0.3 pet § 
austenite, whichever is the greater. The 
sensitivity of the method is quite high since | 
the exposure time can be increased to bring 
out very weak austenite lines without 
corresponding increase in the background. 
Fig 2 and 3 illustrate the X ray patterns — 
and microphotometer traces for cases where | 
the austenite contents are as low as 2 o 
pet and as high as 14.3 pct. It is possible to | 
detect as little as 14 pct austenite with the 
exposure conditions used here. | 
It is also interesting to note in Fig 3 that _ 
the austenite lines become relatively 
broader as the austenite percentage de- 
creases. This effect is caused either by fine 
particle size or lattice distortion and con- 
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tributes to the error caused when peak 
intensities rather than integrated inten- 
sities are used as a criterion of austenite 
content. 


COMPARISON OF THE X RAY METHOD WITH 
LINEAL ‘ANALYSIS 


A check of the X ray method against 
lineal analysis is summarized in Table 4. 
Samples of the ball-bearing steel were 
quenched into oil from a series of austeni- 
tizing temperatures from 790 to 955°C 
(1450 to 1750°F). Austenite contents were 
determined by X ray after which the mar- 
tensite was ‘‘darkened” for 10 sec at 320°C 
(610°F) and the austenite redetermined by 


~ Jineal analysis. 
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perature, the lineal analysis tended to show 
austenite contents somewhat lower than 
those indicated by the X ray method. 
These results lent considerable weight to 
the newer method and the X ray de- 
terminations could be regarded with 
confidence. 


RESULTS OF SOME AUSTENITE 
DETERMINATIONS 


Table 5 lists the austenite contents for 
the K steel (1.07 C) as a function of quench- 
ing conditions and each value is the average 
of at least two determinations. These re- 
sults are somewhat higher than the corre- 
sponding values shown in earlier work.? In 
fact a surprisingly large amount of aus- 


TaBLE 4—Comparison of X ray Determinations with Lineal Analysis 


Per Cent Retained Austenite 
Treat t Per Cent 
he ae Carbides j 
| Lineal Analysis X ray 
T Steel (1.0 G, 1.5 Cr, 0.2 V) 
ys Deg C Deg F Min. | 
Austenitized 790 (1450) BOmomMrqtenched incr vary es eel 10.0 2.0 + 1,0 BOTs Ons 
Austenitized 845 (1550) 30 oil quenched..........0--. 4.0 6.0 + 1.0 47.0+ 0.4 
Austenitized 900 (1650) Bovoilaquenched a5... falas fe < 2.6 13.8 22 2-0 14.0+ 0.8 
Austenitized 955 (1750) Boot) quenched... 3.4%. m..)« +. 0.2 20500) £0 20.0 2 1.0 
K Steel (1.07 C) 
Austenitized 790 (1450) 30 water quenched.......... 2.6 Oy ae) 200 9.0) E085 


2 eS ee ee ee 8 ee 


It should be emphasized that extraordi- 
nary care was necessary with the chromium 
steel in the metallographic technique pre- 
ceding the lineal analysis to obtain the data 
shown in Table 4. The usual nital and picral 
etches were susceptible to large errors be- 
cause of obscurement of the austenite when 
present in quantities under to pct, until it 
was found* that 1 pct of zephiran chloride 
in 4 pct nital provided a marked improve- 
ment in structural detail. The lower quan- 
tities of austenite could then be resolved 


_ with some clarity. ' 


Table 4 shows that the two methods 
checked quite well; but as the austenite 
particles became finer with decreasing tem- 


* Private communication from W. J. Harris, 


' National Research Fellow, Mass. Institute of 


Technology. 


tenite is present even after immediate 
refrigeration in liquid nitrogen. Although 
previous X ray data had indicated that 
this subcooling treatment leaves only a 
negligible trace of residual austenite, recent 
observations of dimensional changes during 
the tempering of such specimens have indi- 
cated that over 2 pct austenite must be 
present.* This is confirmed by the newer 
X ray measurements. 

Of interest also is the significant increase 
in retained austenite as the quenching bath 
is raised to only 50°C (125°F). During some 
commercial quenching the work is removed 
from the quench before cooling to room 
temperature and it is seen that such prac- 
tice may result in appreciably higher re- 
tained austenite. 


* To be published elsewhere. 
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VxA(@) 
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Fic 4—THE VARIATION oF V A(6) WITH DIFFRACTION ANGLE OBTAINED FOR A PLAIN CARBON 
STEEL (1.07 C) AUSTENITIZED AT 790°C (1450°F) AND QUENCHED INTO WATER. 
The constant factor needed to bring the austenite points on to the martensite curve is equal 


to the volume ratio of martensite to austenite. 


Similarly, Table 6 shows the retained 
austenite contents in the ball-bearing steel 
(T steel, 1.0 C, 1.5 Cr, 0.2 V) for various 
quenching conditions. Here again the aus- 
tenite content rises somewhat with the 
temperature of the quenching bath and on 
quenching above the M, point (215°C for 
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this steel when austenitized at 845°C) asvin — 
martempering, over 10 pct of austenite is 
retained. The rate of cooling through the | 
martensite region also has a measurable — 
effect on the amount of retained austenite. 
Table 7 indicates that as the rate of cooling 
is increased the percentage of retained aus- 
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tenite decreases. A specimen quenched from 
845°C (1550°F) into oil contains 7.0 pct 
austenite compared to 5.8 pct for a water 
quenched specimen. The effect of cooling 


TABLE 5—Retained Austenite Content as a 
Function of Quenching Conditions 

K Steel (1.07 C), austenitized at 790°C, 
-quenched as shown. 2.6 pct carbides 


Hard- Aes Cent 
ness, etained 
Treatment Rock- | Austen- 
well C ite* 
Water quenched to 50°C (125°F), 
air cooled to room temperature 65.9 rAar 
; Water quenched to 20°C (68°F)..} 67.0 9.0 
_  Quenched into iced brine at 
3 SOLO CGD es Chem i ar Pa 67.2 8.5 
Water quenched to 20°C (68°F), 
refrigerated immediately to 
SE FS IOCE ee roves encrereum sa © 68.0 2.9 


* ro days after treatment. 


_ TaBLe 6—Ketained Austenite Content as a 
aa Function of Quenching Conditions 
T. Steel (z.0 C, 1:5 Cr, 0.2 V) 


Hard- Pe ede! 
ness, etaine 
Treeianent Rock- | Austen- 
. well C ite* 
Austenitized at 845°C (4.0 pct 
carbides) : 
Oil quenched to 20°C.........| 66.5 7.0 
Oil quenched to 50°C. air 
cooled to room temperature.| 64.9 9.0 
Oil quenched to 120°C, air 
cooled to room temperature.| 64.4 Ons 
Quenched into molten salt at 
230°C, air cooled to room 
POMP CLALUTES .paiche cians one» sre we 64.0 10.6 
Oil quenched to 20°F, refriger- 
iz ated immediately to —195°C| 67.0 2.0 
4 Quenched into iced brine at 
Be SIA GCE hal 29 18 cpaes dais rok irac ike 4.9 
a Quenched into iced brine at 
a —5°C, refrigerated immedi- 
a ately to —195°C (—320°F).. 0.7 
: Austenitized at 790°C (10.0 pet 
= carbides) 
ey Quenched into water at 20°C..| 65.5 Sat 
Quenched into water at 20°C, 
refrigerated immediately to 
SLOSS Oriente patie evetey anc 65.6 0.5 


* to days after treatment. 


rate was shown in another way by quench- 
ing specimens into molten salt at 230°C 
(450°F), which is above the M, tempera- 
ture, and then air cooling, oil quenching, 
and water quenching to 20°C (68°F). The 
data for this series in Table 7 indicate that 
an increase in cooling rate below the M, 


AII 


point reduces the austenite content. This 
influence of cooling rate is probably 
caused by the very rapid stabilization of 
austenite, towards transformation on cool- 
ing such as occurs during aging at and 
slightly above room temperature. It is well 
known that aging of retained austenite 
at room temperature or tempering at 
elevated temperatures progressively stabi- 
lizes it against further transformation on 
subcooling.*:9.!2 


TABLE 7—Effect of Cooling Rate on Retained 
Austenite Content 
T Steel (1.0 C, 1.5 Cr, 0.2 V), austenitized at 
845°C, 4.0 pct carbides 


PER CENT 
RETAINED 
TREATMENT AUSTENITE* 
Quenched into oil at 20°C (68°F)...... 7.0 
Quenched into water at 20°C (68°F)... 5.8 
Quenched into molten salt at 230°C 
(450°F), air cooled to room temper- 
BCUPGes, ade et a eey wie Gebass ee Ah as, coo 10.6 


Quenched into moltén salt at 230°C 
(450°F), oil quenched to room tem- 
PeLabuTrenawies ewe wee ee ee 4 Boars 6.2 

Quenched into molten salt at 230°C 
(450°F), water quenched to room 
PORMDe LA LUTE ui petaru chanel a cottellatelfeliet pace ce) = 26's 6.1 

Quenched into molten salt at 230°C 
(450°F), quenched into liquid nitro- 
gen at —195°C 

* ro days after treatment. 

It also appears that even a quench into 
liquid nitrogen from above the M, tempera- 
ture is unable to transform all of the aus- 
tenite into martensite. About o.9 pct 
remains after this treatment even though 
the cooling is continuous from the M, tem- 
perature down to —195°C (320°F) without 
any interruption at room temperature. Per- 
haps it is impossible to transform com- 
pletely all of the retained austenite in a 
specimen of this size (3¢-in. diam, 5g-in. 
long) by merely cooling through the mar- 
tensite range. Direct quenching in liquid 
nitrogen from the austenitizing tempera- 
ture is ineffective because it leads to some 


pearlite formation. 


SUMMARY 


An X ray method based on integrated 
intensities has been developed for the deter- 
mination of retained austenite in hardened 
steels. No external calibration or standard 
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reference foil is necessary and the procedure 
can be applied to steels in the as-hardened 
condition prior to any tempering treatment. 

Some typical results which have been 
obtained by this method are: 

rt. Normally hardened 1 pct carbon, 
plain and chromium bearing tool, steels 
retain 7-10 pct austenite after quenching 
and remaining at room temperature for 
several days. 

2. Retained austenite undergoes slow 
isothermal decomposition on aging at room 
temperature. 

3. Cooling below room temperature does 
not transform austenite completely in 
3¢-in. diam by 5-in. long specimens and 
even continuous cooling from above the M, 
point into liquid nitrogen leaves about 1 pct 
of retained austenite. 

4. Aretarded rate of cooling through the 
martensite region increases the quantity of 
retained austenite; and if the cooling is 
arrested by an interrupted quench followed 
by air cooling the amount of retained aus- 
tenite is also increased. 
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APPENDIX A 
Calculation of R Factor in Eq 2 
Most of the factors for the value of R in 


Eq 2 have been tabulated by Taylor.'® 
The volume of the unit cell is computed 


in each case from the known parameters of , 


austenite and martensite for the appropri- 
ate carbon content.! 

In the calculation of the structure factor, 
a correction for dispersion must be made in 
the listed atomic scattering factors since 
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the wavelength of the CoK, X radiation 
(1.7872 k X units) is very close to that of 
the absorption edge of iron (1.7394 kx 
units). This correction has been tabulated 
by Hénl!* and takes the form: 


f=fo—Af 


Eq 5 
where: 

f = effective atomic scattering factor. 

fo = usual atomic scattering factor for 
the case where the irradiating wave- 
length is not close to an absorption 
edge of the sample. 

Af = decrement of the atomic scattering 
factor due to interaction with the K 
electrons. 

For the case of CoK, radiation on iron 
the dispersion correction is quite large and 
Af = 4.0 units. 

Inasmuch as the camera was too small 
and the lines too diffuse to permit good 
resolution of the body-centered tetragonal 
doublets of the martensite both the struc- 
ture factor and multiplicity are calculated 
on the basis of a body-centered cubic struc- , 


ture. This introduces no error since in each © 


case the total diffracted power for each set 
of doublets is combined in the measurement 
of integrated intensity. The austenite cal- 
culations are straightforward. 

The Debye-Waller temperature factor is 


computed by taking 420°K as the Debye 


temperature for iron and then using the 
tabulated values given by Taylor." 

In the Lorenz and polarization factor, 
account is taken of the fact that a beam of 
X rays monochromated by a rock salt 
crystal is not completely unpolarized and 
the (L.P.) factor is calculated from* 


1 + cos? 20, cos? 20 


(L.P.) = sin 9- sin 20 


Eq 


an 


- 
Oe oe ne i he on 


where: 
6 = Bragg angle for the sample 
6. = Bragg angle for the monochromat- 
ing crystal. 
“Private communication from Professor 


B. E. Warren, Physics Dept., Mass. Inst, of 
Tech. : 


2 
i 
} 
4 
4 
4 


; 
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! 
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The values for each of these factors are 
listed for the austenite martensite lines in 
Table 8. 


TABLE 8—X ray Constants for Martensite 
and Austenite Lines 
CoKa radiation (1.7872 kX units) crystal 


monochromated 


Martensite: Body-centered tetragonal 
a@ = 2.852 kX Vy = 24.2 (kX )3 


¢ = 2.9075 kX 


Line 6° f F m |L.P.\e2?™@| R 


(200) |38.60| 10.4] 20.8} 6 | I.70/0.920 6.91 
(002) 
(211) |49.90| 8.8] 17.6] 24 | 1.35/0.875/15.05 
(112) 
(220) |61.90| 7.6] 15.2| 12 | 1.65]0.835 6.54 
(022) 


Austenite: Face-centered cubic 


a, = 3-597 Vy = 46.4 (kX)8 
(220) |44.68] 9-4] 37.6] 12 I.40|0.890} 9.80 
(311) |55-18| 8.2 32.8] 24 | 1.42|0.860/14.75 


ee ee 


APPENDIX B 
Extinction and Microabsorption Effects 


Before this X ray method could be ac- 
cepted with confidence several additional 
factors had to be considered. Eq 1 is ap- 
plicable only in the absence of extinction. 
Primary extinction is caused by the can- 
cellation of energy caused by a 180° phase 
shift as the primary beam proceeds through 
a given set of planes in a crystal. As the 
crystal becomes smaller the extinction de- 
creases but the particle size in steel is not 
necessarily small enough to justify the 
assumption that extinction is absent. There 
is, however, considerable distortion in both 
the austenite and martensite crystals and 


_ it has been shown that plastic deformation 
practically eliminates extinction especially 


for the weaker reflections. In addition, 
extinction has its greatest influence on the 
very strong reflections, (r11)y and (110)a, 
which are not used in this determination. It 
seems reasonable to assume therefore that 
the extinction effects are negligible here. 

Eq 1 is also limited to the case where the 
particle size is so small that the absorption 
in the individual particle produces a neg- 
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ligible reduction of intensity of the trans- 
mitted beam. Unfortunately, although this 
effect is quite troublesome, it has generally 
been overlooked. This phenomenon is 
termed microabsorption and has recently , 
been treated theoretically by Brindley," 
Taylor!® and Brentano.'® Following the 
reasoning of Brindley, a given crystal A in 
a mixture of A and B crystals is considered 
as it is irradiated by X rays. The path of 
the incident beam to the crystal and of the 
diffracted beam from the crystal may be 
considered as a statistical average of A and 
B according to the average composition of 
the sample. For this part of the path, the 
average absorption coefficient # may be 
used as calculated from the composition in 
the usual fashion and it is this absorption 
coefficient which appears in the absorption 
factor given by Eq 3. In this case, the 
absorption coefficients of A and B appear 
only as part of an average for the absorp- 
tion of the entire sample. For a diffraction 
line of A however, part of the path must lie 
completely within A. Similarly for the 
diffraction lines of B part of the path must 
lie completely within B. If the absorption 
coefficient for A is greater than that for B 
or if the average particle size of A is larger 
than that of B a larger fraction of the en- 
ergy will be lost by absorption in 4, and the 
A phase will be disproportionately sup- 
pressed on the pattern. Such an effect may 
seem trivial but a large number of particles 
must diffract to produce an observable 
diffraction line, and this factor can become 
the most important single cause of error in 
a quantitative determination of phases by 
X rays. Fitzwilliam® has shown for example 
that with powdered mixtures of iron and 
nickel and of copper and aluminum, errors 
of several hundred percent may be observed 
in the ratio of the two phases if microab- 
sorption effects are neglected. 

Corrections for microabsorption have 
been proposed by Brentano and by Brind- 
ley!4 and Fitzwilliam’s data support the 
Brentano theory reasonably well. However 
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either theory can be used to demonstrate 
that in the case at hand microabsorption 
‘may be safely disregarded. This fortunate 
circumstance is caused by the fact aus- 
tenite and martensite in a hardened steel 
have the same composition and only a 4 pct 
difference in density. Hence their absorp- 
tion coefficients differ only by 4 pet and 
despite generous assumptions with regard 
to differences in average particle size, the 
resulting microabsorption correction turns 
out to be negligible. 
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DISCUSSION 
(B. R. Queneau presiding) 


B. R. QuENEAu—One of the difficulties 
in metallurgy has always been a lack of pre- 
cision in measurement, and I think the authors 
are to be congratulated on developing a 
method which will give us an accurate and 
dependable quantitative estimate of the 
amount of retained austenite. 


O. ZmeskAL*—As Chairman Queneau said, 
this is indeed an ingenious and needed de- 
termination. : 

We have seen figures presented of 14 pct 
retained austenite determined, and I would like 
to ask the authors the lower limits of this 
method. How far down do they feel they can 
go in improving the technique still more? 

The other question is concerned with the 
effect of retained austenite on the properties of 
tool steel. As Dr. Averbach shows, we cannot : 
get rid of retained austenite in a quench, but 
can get rid of it fairly well in tempering. How | 

; 
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ones’ 


significant is it whether you have 14 pct going 
into the temper or whether you have 9 pct, 
assuming you double-temper or multiple- 
temper? Just what relation is there between the 
amounts of retained austenite in the as- - 
quenched tool and the properties we should 
expect in this tool after multiple tempering? 


J. A, Frttows{—I would like to ask the 
authors if they havé any comment to make 
about the range of grain size which will permit 
this precision, especially at the lower limits of 
retained austenite. 


‘ 
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E. S. RowLanp*—Do you have any data on 
the effect of the vanadium in this so-called ball 
bearing steel? We have been asked from time to 
time, in regard to your work, about this par- 
ticular analysis. About 95 pct of the ball-bear- 
ing steel made in this country does not contain 
more than 0.02 or 0.03 pct vanadium as a maxi- 
mum. The majority of our questioners are 
very vitally interested in the austenite contents 
under normal heat treating conditions. I think 
if you have any data on the relative effects with 
and without this vanadium addition, they 
would be very much worth while. 


A. H. Geristert—I would like to inquire 
about the possible variation in amount of 
retained austenite across the cross-section of 
the tool steels which have been investigated. 
With such a precise method as the one de- 
scribed this should not be a limitation but 
should present an additional potentiality of 
the method. We have recently been studying 
the structure of some heat treated iron-cobalt 
alloys. Specimens in the form of 0.020-in. wire 


were used. In some extreme cases we have 


noticed that patterns for lightly etched speci- 
mens reveal too pct ferrite but when the 
specimens were etched to about one half of the 
original diameter the patterns reveal too pct 
austenite. The original specimens were mag- 
netic but after heavy etching they were non- 
magnetic. Thus, at least in this material and 
probably in many high alloy steels the location 
of the area analyzed is quite important. Have 
the authors made a survey of the amount of 
retained austenite across the section of any 
of their tool steels? 


B. L. AversaAc# (authors’ reply) —Under the 


- exposure conditions which have been described 


in the paper, we were able to measure amounts 
of retained austenite down to approximately 
1 pct. Smaller austenite contents were de- 
tectable, but because of difficulties in the 


- microphotometry of very diffuse lines, the 


accuracy became questionable at these lower 


* Timken Roller Bearing Co. 
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levels. However, in principle, this is not the 
lowest limit of the X ray method. It is possible 
to mask off the high-intensity martensite lines 
with aluminum foil in the camera and to make 
longer exposures so that even smaller quanti- 
ties of austenite will give measurable diffraction 
lines. Line broadening also becomes trouble- 
some at these very low austenite contents, and 
attempts are being made to overcome this 
difficulty. 

The second portion of Dr. Zmeskal’s question 
is one which offers many possibilities for future 
research. Very little data are available on the 
relationship between austenite content and the 
physical properties of steels. We expect to be in 
a position to supply such information sometime 
in the future. 

The effect of grain size on the austenite de- 
termination is evidenced by a spottiness in the 
reflections and this limitation appears as soon 
as the grain size becomes larger than A.S.T.M. 
No. 6. In the investigation at hand, the grain 
size was so fine that it was necessary to rotate 
the specimen to obtain smooth diffraction 
lines. For coarser grained materials, the speci- 
men must be moved during the exposure, and 
arrangements are being made to oscillate the 
sample in our present camera. Under these 
conditions, determinations on coarse grained 
materials should have an accuracy equivalent 
to that which we have shown here. 

Dr. Rowland has inquired about the effect of 
0.20 pct vanadium on the quantity of retained 
austenite. We cannot answer this question at 
the moment, but are taking steps to obtain the 
necessary data. 

Dr. Geisler has emphasized a point upon 
which we did not elaborate in our paper. There 
were rather large edge effects in our samples, 
and this method could have been used to study 
the variation in austenite content across the 
diameter. For this present investigation, how- 
ever, we were careful to stay away from the 
edges as well as from the center of the sample 
where segregation might exist. In other applica- 
tions, such as in carburizing, it would be very 
appropriate to determine the austenite content 
as a function of distance from the surface. 


An Evaluation of Quenching Oils by Means of the End 
Quench Test 


By C. A. SreEBERT* MEMBER AIME anp G. Sanpozt 


(New York Meeting, February 1948) 


O1L quenching of steel, in good commer- 
cial practice, is carried out using a great 
deal of agitation in the quenching bath. 
Many of the tests reported in the literature 
represent the results obtained on steels 
quenched into still oil. 

Scott! describes three stages of cooling i in 
liquid quenching baths, namely: 

“State ‘A’—Vapor Blanket. Cooling—In 
this, the first stage, a thin stable vapor film 
surrounds the hot metal. Cooling is by con- 
duction and radiation through the gaseous 
film and is therefore relatively slow. 

“Stage ‘B’—Vapor Transport Cooling— 
Termination of the ‘A’ stage is marked by 
wetting of the metal surface. Vapor forms 
copiously in bubbles and is carried away by 
gravity and convection currents to con- 
dense in cooler surrounding liquid. This is 
the fastest stage of cooling. 

“Stage ‘C’—Liquid Cooling—The ‘B’ 
stage ends as the surface temperature of the 
metal approaches the boiling point of the 
quenching liquid. Vapor no longer forms, so 
cooling is by conduction and convection 
and the temperature difference is greatly 
decreased. This mode of cooling is slower 
than that of the ‘B’ stage.” 

Mechanical agitation of the quenching 
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Institute November 1, 1947; this amplified 
version received January 9, 1948. Issued as 
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1 References are at the end of the paper. 
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medium will accelerate all three stages of 


cooling. The greatest effect, however, will : 


be noted on stage ‘B’ because the removal 


of the bubbles from the surface of the steel _ 
will not be entirely dependent upon gravity 


and natural convection currents. 


The method employed in this investiga- — 
tion for evaluating the oils was the end © 
quench test. The various oils were substi- 4 
tuted for water as the quenching liquid and _ 


hardness determinations were made at 
various distances from the quenched end. 
Most of the tests were run using a 3¢-in. 
orifice with a 214-in. stream height. How- 
ever, to check the effect of other velocities 
two additional conditions were used, 
namely: (xz) A 3¢-in. orifice and 1-in. stream ~ 


height, and (2) a 14-in. orifice and a 3 4-in. 
stream height. In all cases the samples were 
suspended so that the quenched end was 
1g-in. above the orifice. . 

The steel used was an NE 9450 having 
the following analysis: 


0.52)/0.81/0.013]0. O19/0. 26] 0.30 | 0.38 | 0.10] 0.06 


Some tests were run on an NE 8740, 3312, : 


and a 4340 steel. The results obtained on 


| 
| 
| 
| 
; 


ee 


— 


these steels confirmed those obtained on — 


the NE 9450 and have therefore been 


omitted from this paper. The test bars were 
machined from 1}¢-in. stock to r-in. diam 


by 4 in. long. 
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Five commercial quenching oils were in- The properties of the oils are shown in 
vestigated 
sources. Oils No. 1 and 2 were the conven- quite similar at all of the temperatures 
tional ‘‘ten cents a gallon” type, while oils investigated, while oil No. 3 shows a 


Oil 
No. 


ROCKWELL HARDNESS *SC% SCALE 


Source 


representing three different Table 1. Oils No. 1, 2, 4 and 5 are 


STANDARD 
WATER QUENCHED 
TEST. 


2 4 6 SelOn ulead Og 18 
DISTANCE FROM COOLED END-I/I6 INCHES 


° 
Fic 1— HARDNESS BAND OBTAINED USING FIVE DIFFERENT OILS AT 80°F. 


TABLE 1—Properties of Otls 


Saybolt Viscosity—Seconds | DuNouy Surface 
Tension Dynes 


Con- API per Centimeter 


dition | Gravity | Point °F | Point °F 


74°F r100°F 140°F at 90°F 

217 122 66 g2k3 
& eee 195 112 61 32.3 
B New 133 87 55 31 8 
iG Used 205 I16 64 32.3 
C New 205 118 66 32.3 


UBWNHH 


No. 3, 4.and 5 were of the proprietary com- marked difference in viscosity, especially 
ace e 
pounded variety. Oils No. 1 and 4wereused at 77 and 100 F. 


oils from commercial quenching systems RESULTS 
through which several hundred tons of steel Hardness results obtained by quenching 


had been processed. ; with the various oils are given in Table 2. 
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Fic 2—HARDNESS BAND OBTAINED USING FIVE DIFFERENT OILS AT 140°F, 


TABLE 2—Hardness Results Obtained 


“| 
Oil Temp., °F....} 80 80 80 80 80 140 | 140 | 140 | 140 | 140 | 80 80 185 


Os tsteF recto eit cage 3g | 36 34 Ph t| «PS ess 36 38 8§ 58> 56 gleays 38 


Heightin. inches: 2-5 | 2/5 |, 2.87) 2.55) 2. 502.5) | ase aes Meret rage I 2S Czes 


Standard Water 
Quench 


' 

7 

7 
Distance from : | 
Quenched End, Rockwell ‘‘C”’ Hardness | 

? 

5 


6 In. 
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The hardness values are the average of 
several tests. The reproducibility of results 
was usually within 14> of an in. on the end 
quench bar. The data for the 80°F. oil are 
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is less than 1/6 in. on the end quenched 
test. The difference in the hardening power 
of these oils at 140°F is approximately 
1, of an in., which is within the scope of 
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Fic 3—THE EFFECT OF OIL VELOCITY ON THE HARDNESS OF THE END QUENCHED BARS. 


plotted in Fig 1 along with the results from 


- the standard end quench test. The curve is 


shown as a band to portray the extent of 


E the difference in quenching power of the 
- oils. The new proprietary compounded oil 


Sie} ‘ 


~ No. 5 produced results which follow the 


upper curve of the band, while the new 
proprietary compounded oil No. 3 follows 
the lower curve of the band. The other oils 
produced results that fall within the band. 

The hardness data for the 140°F oil are 
plotted in Fig 2. 

Fig 1 shows that the difference in harden- 
ing power of the various oils tested at 80°F 


reproducibility of the end quench test. The 
colder oil appears to show a greater differ- 
ence in hardening power than the oil at 
140°F. In all cases the effect of the flow of 
the oil past the surface being cooled was to 
minimize any differences in the quenching 
power of the oils which may be present 
when quenching is carried out in still oil, 
especially at the higher oil temperature. 
In order to determine the effect of oil ’ 
velocity on the quenching power of the oil 
three different conditions of orifice diam- 
eters and stream heights were investigated 
and all showed similar results to those 
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plotted in Fig 3. Increasing the orifice size 
and stream height increased the hardening 
power, although the difference between the 
3¢-in. orifice with a 214-in. stream height 


SCALE 


ROCKWELL HARDNESS *C% 


DISTANCE FROM COOLED END- 


data were obtained by quenching in still oil 


which may account for the difference noted. 


When the agitation of the oil is small the — 


removal of the vapor bubbles depends to a 
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Fic 4—THE EFFECT OF OIL TEMPERATURES ON THE HARDNESS OF THE END QUENCHED BARS. 


and the 14-in. orifice with a 314-in. stream 
height is small. This would indicate that 
the highest flow condition used in these 
tests is approaching the optimum flow con- 
dition. The oil bubbles forming at the oil- 
steel interface must be removed at a very 
rapid rate by a mechanical action caused by 
the flow of the oil. 

Fig 4 shows the effect of varying the oil 
temperature on the hardening power of No. 
3 oil. It can be seen that increasing the oil 
temperature resulted in a decrease in the 
hardening power of the oil. This finding is 
contrary to the data reported by Spring, 
Lansdale, and Alexander.? However, their 


great extent upon natural convection. An 
increase in the oil temperature results in 
a decrease in the viscosity of the oil which 
permits the vapor bubbles to escape from 
the surface of the steel more readily than is 
the case when the oil temperature is low. 
However, it would appear that the degree 


of agitation obtained in the end quench test — : 


a 


minimizes the effect of viscosity and the ; 
like on bubble removal, and the extraction — 
of heat from the steel becomes more de- © 
pendent upon the temperature difference — 
between the surface of the steel and the oil, 


than on the properties of the oil. 
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DISCUSSION 


SUMMARY AND CONCLUSIONS 


1. Data are presented on the hardening 
power of five different oils representing 
three sources of supply. 2. The end quench 
test was used as a means of evaluating the 
quenching power of the oils. 3. The differ- 
ence in quenching power of two different 
proprietary compounded oils was found to 
be greater than the difference between the 
compounded oil and a straight mineral oil. 
4. Increasing the flow of the oil caused an 
increase in the hardening power observed. 
5. Increasing the temperature of the oil 
resulted in a decrease in the hardening 
power of the oil. 6. With high rates of agi- 
tation, such as those encountered in these 
tests, there is little, if any, advantage to be 
gained by using a proprietary compounded 
oil in place of a straight mineral oil. 
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DISCUSSION 


(H. B. Knowlton presiding) 


H. L. Warxer*—All I want to record is that 
about four years ago our laboratory, under the 
direction of Prof. E. J. Eckel, started a pro- 
gram of attempting to evaluate quenchants. 
We came to the conclusion that the conditions 
of the Jominy test would best fulfill the 
requirements. 

I might say one of the good ideas we had for 
a while was to measure the amount of current 
necessary to maintain a given temperature in 
the resistor wire, which was immersed in 
various quenchants. The method failed at the 
higher temperatures because a vapor blanket 
formed at the boiling point of the quenchant 
and the heavy current passing through the re- 
sistor would suddenly increase the temperature 
above its melting point. 

We have standardized on two steels and 
have been working on them continuously. We 


* University of Illinois. 
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find we are able to duplicate our results for any 
given set of conditions to +1 Re. 

We have been interested in velocity, com- 
position of quenchant and temperature mostly, 
but we have also evaluated air, water, brines, 
ethylene glycol-water mixtures, oils of the 
straight mineral and compounded type. As 
far as the oil data are concerned, we concur in 
Dr. Siebert’s conclusions, that both types of 
oil have equal hardening power when agitated. 

We have also devised a method of determin- 
ing Jominy hardenability under still-quench 
conditions. The still-quench data are being 
correlated with the data for agitated conditions. 

You can get a tremendous amount of infor- 
mation from these methods because you can 
calculate velocities as the quenchant is moving 


“over the surface of the specimen. That is not 


difficult to do because you can measure the 
umbrella. For the agitated condition we have 
used stream heights from % in. to 5 ft of 
quenchant. We arrive at a certain velocity of 
quenchant in which the heat is being conducted 
away from the specimen faster than the speci- 
men conducts heat to the surface. 

We also have hardenability data in terms of 
temperature of quenchant. We have run into a 
very queer phenomenon at the higher tempera- 
tures. In some cases we found a lower hardness 
at the quenched end than was found from the 
quenched end of the Jominy bar. Soft surfaces 
of heat-treated bar have always been explained 
as due to (1) decarburization, or (2) retained 
austenite. This is not the true explanation, but 
rather the lowered hardness on the surface is 
due to a persistent vapor blanket stage. For a 
water temperature of 210°F, the vapor blanket 
was maintained for as much as ro min. This 
means the quenchant never reached, nor 
wetted the surface of the specimen for this 
time interval. 

The effect of the vapor blanket is to cool the 
surface quite slowly through the critical range, 
but farther along the bar the temperature is 
above the critical range. When the vapor blan- 
ket collapses and the quenchant wets the speci- 
men, quench conditions are established away 
from the surface and a higher hardness results. 

The literature reports the maximum effect of 
sodium chloride for brine concentration is 
about g pct. That is wrong because we find no 
decrease in hardness for solutions containing 25 


422. AN EVALUATION OF QUENCHING OILS BY MEANS OF THE END QUENCH TEST 


pet salt. We did not test higher concentrations 
because 25 pct is almost at the saturation point. 

For water depending upon agitation, we find 
about 150 to 160°F to be the critical tempera- 
ture as far as temperature of water is con- 
cerned where the vapor blanket forms. The 
reason brine is a better quenchant is because 
the vapor blanket stage is of much shorter 
duration. In other words, when you turn on the 
brine quenchant it wets the specimen, and you 
have practically no vapor blanket stage. With 
water it may run to 1o min. before you get the 
water wetting the specimen. 

We are trying to work out what brine does. 
It does not appreciably raise the boiling tem- 
perature, but we believe a modification in the 


surface tension of the solution may be re~ 


sponsible. It is not that brine quenches any 
faster than water does. It merely does not have 
a prolonged vapor blanket stage. 


M. Conen*—What is the name of the steel 
you standardized? 


H. L. WALKER—It is one of the nickel steels. 
It is SAE 2340. 


D. V. DoanEf—I just wanted to inquire as 
to the height of the water stream in the test in 
which you obtained this phenomenon of the 
vapor phase adjacent to the specimen. 


H. L. WALKER—The vapor blanket will form 
with a free height of 314 in., which was the 
highest tested. The quenchant must, of course, 
be hot. We do not know what the maximum 
free height is. Two and a half inch free height is 
standard conditions. 


D. V. Doane—That should occur then for 
any full hardening steel such as 4340, and I 
wanted to ask Dr. Siebert, then, if he en- 
countered the same phenomenon on 4340 in his 
investigation. 


H, L. WALKER—Dr. Siebert is working with 
oil, and I am talking about water. The vapor 
blanket is not nearly so prominent with oil. 
The data will be published as a bulletin of the 
University of Illinois Engineering Experiment 
Station in the future. We shall be glad to send 
anyone interested a copy. 


* Massachusetts Institute of Technology. 
+ M. W. Kellogg Co. 


R. S. Komarnitsky*—Professor Walker, in 
your experimental work did you try to correlate 
ability to carry away the vapor blanket with 
the conditions of boundary layer of the quench- 
ing liquid flow—whether it was laminar or — 
turbulent, also depth and type of turbulence? 
Was any attempt made to correlate flow 
characteristics with Reynolds number? How- — 
ever, in your experiments using amount of © 
electric current passing through the wire as — 
measure of intensity of quench, it would per- 
haps be easier to do that, than in Jominy test, 
if direction of the flow was parallel instead of 
across the wire. 1 


H. L. WatKER—I do not believe this to be © 
true because the resistors failed at too low a 
temperature to give reliable data. We have not 
tested quenchants containing wetting agents. 


H. B. Knowiton{j—We have all heard a lot © 
of claims concerning oils which produce fast 
speeds of cooling, and at the same time are not 
as prone to produce cracking as ordinary 
quenching oils. We could probably spend the 
rest of the morning discussing what causes 
cracking. We would appreciate the opinion of 
the authors with regard to the relation between 
the end quench test and quenching by complete 
immersion. Presumably cracking is associated 
with the formation of martensite between the 
M, and M,; points. 

Is there any possibility that any of these oils 
would change the speed of cooling, while a steel 
is passing from the M, to the M, point during 
quenching by complete immersion? Would 
there be any difference between this condition 
and that produced by the rapid flow of oil over 
the end of the Jominy specimen? 


C. A. Sresert (authors’ reply)—We are 
happy to learn that Professor Walker’s investi- 
gations confirm our findings on quenching oils 
and that they have standardized on the end 
quench method as best fulfilling the require- 
ments for evaluating quenchants. 

We did not measure the hardness of the 
quenched end of the bars; therefore we have no 
data to determine whether or not a soft surface 
developed on any of the bars as reported by 
Professor Walker. 


- Standard Steel Spring Co., Coraopolis, Pa. 
} International Harvester Co., Chicago, II. 
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DISCUSSION 


The end quench method, as used in this 
investigation, cannot be used to evaluate the 
cooling power of various oils in the temperature 
range between the M, and My, temperatures. 


The work of Spring, Lansdale, and Alexander? — 


shows that oils do differ in their cooling power 
when the steel temperature is within the 
martensite formation range, and that the cool- 
ing rate is a function of the oil temperature. 
However, the difference in rate of cooling for 
any given temperature is rather small for the 
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oils they tested, and would probably be much 
smaller if the oil were highly agitated. 

It is our opinion that good quenching prac- 
tice requires high rates of agitation to insure 
uniform cooling, and to minimize distortion. In 
production quenching it is possible to have the 
conveyors moving fast enough so that the parts 
will come out of the oil at a temperature just 
low enough to prevent flashing of the oil. The 
parts will then cool slowly in air. 


Notch-tensile Characteristics of a Partially Austempered, Low 
Alloy Steel* 


By G. Sacus,t Memper AIME, L. J. Epert,t anp W. F. Brown, Jr.§ 
(New York Meeting, February 1948) 


INTRODUCTION 


IsOTHERMAL transformation, or “aus- 
tempering,” of a carbon-containing aus- 
tenite at elevated temperatures yields 
so-called ‘‘intermediate products.” Their 
structure and properties are, for a given 
hardness, rather different from those of 
“tempered martensite” obtained on con- 
ventional quenching and tempering.! 

Several investigators?’ have found that 
for high carbon and slightly alloyed steels 
the intermediate products formed at tem- 
peratures close to that of the martensite 
reaction possess strength properties supe- 
rior to those of tempered martensite. The 
structure of these low temperature, inter- 
mediate products is generally acicular 
(bainite) but clearly different from that of 
martensite. 

However, at higher austempering tem- 
peratures, between 1000 and 1300°F (540 
and 700°C) carbon steels were found to 
exhibit a rather low ductility.4:> Thus notch 
bar tensile tests showed the ratio between 
notch strength and regular tensile strength 
to decrease with increasing austempering 
temperature. For ductilities below a few 

Manuscript received at the office of the 
Institute October 30, 1947. Issued as TP 2321 
in METALS TECHNOLOGY, February 1948. 

* This paper is one of a series of reports on 
the research program conducted at Case 
Institute of Technology (formerly Case School 
of Applied Science) under the sponsorship of 
the International Nickel Co. 

+ Director, Research Laboratory for Me- 
chanical Metallurgy, and Professor of Physical 
Metallurgy, Case Institute of Technology, 
Cleveland, O. 

{ Research Laboratory for Mechanical Metal- 
lurgy. Case Institute of Technology, Cleve- 
land, O. 

§ Research Metallurgist, Flight Propulsion 


Laboratory, NACA, Cleveland, O. 
1 References are at the end of the paper. 


percent this notch strength ratio is a meas- 
ure of ductility, according to investigations 


on low alloy steels.*’ Furthermore the 


presence of intermediate products formed 
unintentionally on quenching was con- 
sidered as responsible for the low ductility 
and impact energy of some heat treated 
steels.8 These intermediate products could 
result from partial transformation at the 
so-called ‘‘nose-temperature” where the 
rate of the transformation is a maximum. 
Tempering improved such mixtures of mar- 
tensite and intermediate products, their 
properties approaching those of tempered 


martensite of equal hardness. 


The following investigation constitutes 


an attempt to determine certain strength 


properties of a partially austempered and 
subsequently quenched low alloy steel, 
namely, a chromium steel (SAE 5140). The 
structures formed by such a treatment 
should consist of a mixture of intermediate 
products formed on austempering and a 
martensite formed on oil quenching from 
the austempering temperature. It was in- 
tended, by varying the austempering time, 
to vary the quantity of the intermediate 
products between zero and too pct. 

The austempering temperature of 860°F 
was selected after extensive preliminary 
tests close to the nose-temperature. Aus- 
tempering at this temperature yielded an 
acicular intermediate product. Additional 
tests under less exacting conditions were 
made for an austempering temperature of 
950°F where the intermediate product ap- 
peared to be very fine pearlite. 

To determine the effects of tempering on 
structures containing various amounts of 
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intermediate products, a few additional 
tests were made on partially and fully 
austempered specimens subjected to an 
additional tempering for one hour at the 
austempering temperature (g50°F). The 
structure of such specimens consisted of 
mixtures of tempered intermediate prod- 
ucts and tempered martensite. 

The properties of such specimens, as 
investigated here, must be considered as 
dependent upon at least two major vari- 
ables, their structure (composed of mixtures 
of tempered martensite and a particular 
intermediate product in various propor- 
tions) and the hardness of this mixture. A 
large amount of experimentation would be 
required to separate these variables, that 
is to obtain relations for either constant 
structures or constant hardness. Therefore 
on the basis of only a few series of tests 
in which large hardness changes occur it is 
impossible to explain fully the significance 
of the test results. 

On the other hand it is possible to 
compare the properties of partially aus- 
tempered specimens with those of conven- 
tionally quenched and tempered specimens 
of equal hardness. Because of the very large 
differences revealed in this investigation, it 
appears that certain of the observed effects 
of intermediate products are of general 
significance. 

Attempts to determine the regular tensile 
properties of the austempered specimens 
were in general unsuccessful. Even with 
special precautions such as a very small 
test section and high concentricity of load- 
ing® most of the harder specimens con- 
taining a small amount of intermediate 
products failed outside the gauge length. 

Therefore this paper describes only the 
results obtained on static testing (concen- 
trically and eccentrically) notched speci- 
mens in tension. Previous investigations 
have shown that such tests indicate differ- 
ences in heat treated steels which more con- 
ventional static test methods have failed to 


reveal.” 
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MATERIAL AND PROCEDURE 


The SAE 5140 steel investigated was a 
ladle killed, open hearth steel of the follow- 
ing chemical composition: 


Mn P S Si 


0.69 | 0.014 | 0.023 | 0.16 


Hot rolled 34-in. bar stock was used. 

The notched test bars had a cylindrical 
section of 0.500 + 0.02 in. diam and were 
provided with a 50 pct (reduction in cross- 
section), 60° circumferential V-notch. The 
radius at the root of the notch was in all 
cases less than 0.001 in. 

Specimens for the concentric tests were 
provided with buttonhead ends and tested 
in fixtures designed to yield high concen- 
tricity. Threaded ends were used on eccen- 
tric specimens tested with the axis of load 
application initially 14 in. apart from the 
longitudinal specimen axis. 

The heat treatment consisted of aus- 
tenitizing for one hour at 1550°F, quench- 
ing into a lead bath* at the austempering 
temperature (860°F), holding for various 
times and then quenching into oil. Follow- 
ing austempering specimens were tempered 
at 300°F to reduce quenching stresses.{ In 
addition, a few bars austempered at 950°F 
were tempered at the austempering temper- 
ature for one hour. Specimens were finish 
machined following the heat treatment. 
Details of specimen preparation and experi- 
mental technique have been previously 
reported.® 7 

The notch strength (ratio of maximum 
load to initial area of the notched section) 

*Specimens austempered at 950°F were 
quenched into a salt bath. This yielded a non- 
uniform distribution of hardness on the notched 
cross-section presumably because of the slower 
cooling rate yielded by molten salt. 

+ This low temperature should not cause 
significant changes in either the structure of 
the intermediate products or the martensite. 
However according to general experience, it 
should improve the reliability of the tests, 


possibly because of the reduction of residual 
quenching stresses. 
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was determined for both types of speci- 
mens. Also, for the concentric specimens 
the notch ductility was measured, that is, 
the contraction in area at the root of the 
notch, by a radial strain gauge of the type 
previously described.? 

The hardness of a structure correspond- 
ing to a particular austempering time was 
determined on eccentric notch specimens 
after testing. The fractured surface of these 
specimens was ground flat (with flood 
lubrication) and then a layer of metal 
o.ors-in. thick removed. The Rockwell 
‘‘C” hardness distribution was determined 
across a diameter and the average of five 
hardness readings taken in this manner is 
reported for a particular specimen.* 

The quantity of intermediate products 
was estimated visually under the micro- 
scope. Four areas were selected for these 
measurements located midway between the 
center and the periphery of the notched 
cross section. Results of two observers were 
averaged. It appears possible that this 
method yielded results which are somewhat 
in error, since it might be expected that 
less decomposition would occur at the 
center than near the surface of the speci- 
mens. However for the purpose of this 
paper such an estimate of the extent of 
decomposition was considered satisfactory. 


RESULTS 


The fundamental effects on the metal 
properties caused by the addition of inter- 
mediate products to tempered martensite 
could be shown by an analysis of the 
data for either of the two austempering 
temperatures investigated. However, since 
the data for austempering at 860°F 
were obtained under more closely con- 

*In general the hardness of the specimens’ 
austempered for the shorter times, 15 sec or 
less, was uniform across the cross-section. 
Specimens austempered for longer than 15 sec 
were approximately 10 pct harder at the surface 
than at the center. These variations indicate 
that the transformation was not uniform; how- 


ever this should not affect the validity of the 
results, as will be discussed later. 
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trolled conditions, these are presented and — 
discussed below. For the purposes of com-_ 
parison, trend curves for the properties 
obtained on austempering at 950°F have | 
been added to some of the graphical - 
representations. ; 


MIcROSTRUCTURES i 


Fig 1 shows the microstructures* for 
SAE 5140 austempered at 860°F for various | 
times. The intermediate products (other 
than ferrite) were found to be of the 
acicular type (bainite). After austempering 
for 4 sec the structure exhibits a small 
quantity of ferrite.t With increasing time — 
the amount of intermediate products in-_ 
creases. A completely transformed struc-_ 
ture is represented by the specimens" 
austempered for 120 sec. The quantity of , 
intermediate products (including ferrite) 
as estimated from the microstructures is — 
shown in Fig 2 as a function of the austem- | 
pering time. At 860°F the structure is com- 
posed of 50 pct austempered product after 
only approximately 15 sec transformation 
and the reaction is complete after 60 sec. 


4 
Notch Properties of the Austempered 
Structures } 


In Fig 3 the notch properties are repre- 
sented as a function of the austempering — 
time. The structure and properties for zero 
austempering time are not known and can- 
not be definitely determined. However, the 
properties assembled in Fig 3 are in agree- 
ment with the assumption that the struc- 
ture after austempering for zero time and © 
subsequent quenching consists of marten- 
site. The properties of such martensite — 
(tempered at 300°F) have been previously _ 


determined’ and these values are added to - 


* The micrographs were taken on the a 
cross-section at a point midway between the _ 
center and the surface of the specimens. ® 

+ Previous investigations? show that oil- 
quenched 0.500-in. cylindrical-diam notch | 
specimens of SAE 5140 contain a very. small 
quantity of ferrite. Apparently this section size 
can not be obtained entirely free of ferrite o 
oil quenching. 


rf Fig 3. Then with increasing austempering 
: time, all notch properties decrease until a 
- pronounced minimum is reached at a very 


seconds > 


‘short timé, approximately 7 sec. With fur- 


‘ther increasing austempering time the 


\constant value. 
_ The notch properties are replotted as a 
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function of the quantity of intermediate 
products* in Fig 4. This graph again illus- 
trates the reduction in strength and 
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ductility if a small portion of martensite 


*In determining the quantity of inter- 
mediate products, the values for a given aus- 
tempering time have been derived from the 
trend curves, Fig 2, rather than from the 
individual data points. 
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is replaced by intermediate products. Thus 
the tempered martensite (zero quantity of 
intermediate products) loses approximately 
4o pct in concentric notch strength and 
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AUSTAAIPRAING FAA ~~ MINE TES 
Fic 2—QUANTITY OF INTERMEDIATE PRODUCT (INCLUDING FERRITE) AS A FUNCTION OF THE 


Relation between Notch Properties and 
Hardness 
The hardness, (Fig 3) continuously de- 
creases with increasing austempering time 
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AUSTEMPERING TIME FOR SAE 5140. 


approximately 30 pct in eccentric notch 
strength with the addition of intermediate 
products to compose 15 pct of the structure. 
The corresponding decrease in notch duc- 
tility is from 0.2 or 0.1 pct to less than 0.05 
pet. More than one half of these reductions 
in notch properties occur after austemper- 
ing times which yield only 2 pct of the 
intermediate products. 

With increasing quantity of these prod- 
ucts, up to approximately 60 pct, only 
small further changes result in the notch 
properties. These notch properties of 
structures containing more than 60 pct 
intermediate products rise with increasing 
quantity to a maximum value for the fully 
austempered specimens. 


, 


from a maximum of 52 Rg to a value of | 
approximately 23 Re for the fully austenit 
pered structure. The relation between the’ 
hardness and the quantity of intermediate — 
products, Fig 4, is practically a straight 
line as would be predicted from the law of _ 
mixtures. However, a deviation to lower 
values was observed at approximately 25 
pct transformation.* : 
In Fig 5, the notch properties of the 
austempered structures are shown as 7 
function of the hardness. In general, the - 
properties decrease with increasing hard- 
4 


* This observation cannot be explained a 
present. However, it should be noted that thi 
decrease in hardness is associated with the 
minimum notch properties. 5 
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Fic 3—EFFECT OF AUSTEMPERING TIME ON THE NOTCH PROPERTIES AND HARDNESS OF SAE 5140. 


CONCE NIAC NOTCH 
QLCTIAIT F 0 PUTER T 


430 CHARACTERISTICS OF A PARTIALLY AUSTEMPERED, LOW ALLOY STEEL 


BY 60 : 
a : > 
N Ce Revo TEDL AP FOO A (FD : 
° cs eas { 
N 
& b 
e 
Xx : 
. 2 
§ 
& 
3 
\ : 
dv ; 
‘i . 
N : 
2 
N 

=< 
x MARTANEI TI, TALIEUEB 
ae 
S ID 2 eee 
S fa 


° 


Sa A aN ae FEMALE 


CONCENIHYC MOI CH 
OLED TF ~PRACKVY 7 


Fic 4—NorcH PROPERTIES AND HARDNESS OF SAE 5140 AS A FUNCTION OF THE QUANTITY OF 
INTERMEDIATE PRODUCT FORMED BY AUSTEMPERING AT 860°F. 
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ness from a maximum value at minimum 
hardness to a minimum value at a hardness 
of approximately 40 Rc. Between 4o and 50 
Ro the notch strengths and ductilities re- 
main practically constant. Approaching the 
conditions of maximum hardness, small 
increases in hardness are associated with 
comparatively large increases in the notch 
properties. 


DISCUSSION OF RESULTS 


The properties of the partially austem- 
pered steels may be compared with those of 
tempered martensite on the basis of equiv- 
alent hardness. Also considering the results 
for both austempering at 860 and 950°F 
some general conclusions may be drawn 
regarding the effects of intermediate prod- 
ucts on the properties of a tempered 
martensite. 


Notch Properties of Tempered Martensites 


The notch properties of tempered mar- 
tensites have previously been determined 
over a wide range of hardnesses (strength 
levels) by Sachs, Ebert, and Brown.’ These 
data have been added to Fig 5 and reveal 
that any alloy steel becomes extremely 
notch brittle if the hardness exceeds ap- 
proximately 4o Rg (or if the regular tensile 
strength exceeds 200,000 psi). Below this 
hardness the concentric notch strength is 
generally about so pct higher than the 
tensile strength. With further increasing 
hardness the concentric notch strength 
passes through a maximum and then, for 
5140 steel, decreases rapidly to low values. 

The notch ductility decreases continu- 
ously with increasing hardness from a maxi- 
mum of about 12 pct to a very low value 
for the high hardnesses. 

The results of eccentric notch tests also 
illustrate this gradual embrittlement of the 
steel even at low hardnesses. The eccentric 
notch strength is considerably lower than 
the concentric notch strength over the en- 
tire range of hardnesses so far investigated. 


Comparison of the Notch Properties of the 


Partially Austempered Structures with 
Those of Tempered Martensites 


A comparison, Fig 5, of the notch prop- 
erties of the austempered structures and 
those of the tempered martensities reveals 
large differences in strength and ductility 
between these two structures. The magni- 
tude of these differences varies with the 
hardness. These differences are directly 
represented in Fig 6 as a function of the 
hardness, in other words the properties of 
the austempered structure are subtracted 


ce gly 0% 


~ 


from those of the tempered martensite at a — 


given hardness. 


For the lowest hardnesses* the notch ~ 


properties of the austempered structures 


and the tempered martensites approach ~ 


each other closely. In fact at hardnesses 
below 25 Reg the eccentric notch strengtht 
of the austempered structures appears to be 
slightly higher than that of tempered mar- 
tensite (indicated by negative values in 
Fig 6). In this region of low hardness the 
austempering was practically complete. 


Thus a fully austempered (at 860°F) struc-. 


ture has properties approximately equal to 
those of a tempered martensite of equiv- 
alent hardness. 

With increasing hardness (above 25 Rc) 
the notch properties of the tempered mar- 
tensite become increasingly superior to 
those of the partially austempered struc- 
tures. The largest difference between the 
two conditions in terms of the concentric 
notch strength occurs at a hardness of 
approximately 40 Rc. The maximum differ- 
ence in eccentric notch strength occurs at a 


* The properties of the tempered martensites 
at hardnesses less than 25 Rc have not been 
determined experimentally. However the curves 
for tempered martensites in Fig 5 can be 
extrapolated to the. hardness of the fully 
austempered specimens with sufficient accuracy. 

} The notch ductility of these structures is 
relatively high (above 15 pet). Under such con- 
ditions it might be expected that the strength 
values derived from the eccentric test would 
be more sensitive to differences between the 
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structures than those derived from the con-- 


centric tests.7 
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lower hardness, approximately 35 Rc. The ferences in properties these differences be- 
largest difference in ductility occurs at a come again smaller. It might be expected, 
hardness of approximately 27 Reo. as was mentioned previously, that with 

As the hardness increases beyond the decreasing amounts of intermediate prod- 
value corresponding to the maximum dif- ucts approaching a structure of pure mar- 
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tensite (maximum hardness) the differences 
in the properties between the two struc- 
tures would approach zero. 


Comparison between the Notch Properties for 
Austempering at 860 and 950°F 


Referring to Fig 3, a comparison may be 
made between the hardness and notch 
properties of SAE 5140 structures austem- 
pered for various times at 860 and g50°F. 

The hardnesses of the fully transformed 
structures for both temperatures of aus- 
tempering were found to be practically 
identical; however the hardness decreased 
less rapidly with increasing austempering 
time at 950°F. i 

The minimum in the curves relating 
notch properties to austempering time is 
somewhat less pronounced and displaced 
to longer times, and it appears that the 
concentric notch strength of the structures 
yielding minimum properties was slightly 
higher at 950°F than at 860°F. The concen- 
tric notch strengths of the fully austem- 
pered structures at both temperatures are 
practically identical. This might be ex- 
pected since these specimens possess iden- 
tical hardnesses and high ductilities. 
However eccentric notch strength of the 
fully transformed structure at 950°F was 
lower than that formed at 860°F.* 

The differences in notch properties be- 
tween the structures formed at 860 and 
950°F are explained by (1) the difference in 
reaction rates and (2) the difference in the 
structure and hardness of the intermediate 
products. Thus the reaction rate is con- 
siderably slower at the higher austempering 
temperature (Fig 2) and therefore a longer 
austempering time would be required to 


produce a given quantity of the intermedi-_ 


ate products. This would explain the less 
rapid decrease in hardness with time for 


* The data are not available which would 
permit a comparison of the notch ductilities for 
fully transformed specimens. However the 
higher eccentric notch strength at 860°F would 
ndicate a higher concentric notch ductility for 
ithis temperature of austempering. 
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austempering at 950°F than at 860°F. It 


would also explain the shift in the minimum ~ 


notch properties to longer times and the 
broadening of the belly in the curves of 
Fig 3, when the austempering was carried 
out at the higher temperature. 


PRACTICAL SIGNIFICANCE OF THE RESULTS 


The data clearly show that very small 
quantities of intermediate products con- 
stitute potent embrittling factors when 
present in a matrix of hard martensite. It 
may be very difficult to avoid the forma- 
tion of such transformation products during 
conventional quenching of some low alloy 
steels. In SAE 5140 steel austenite begins 
to transform after less than 2 sec at tem- 
peratures between 850 and 1100°F and this 
reaction proceeds very rapidly, particularly 
at the lower limit of this temperature range. 
Thus a slight delay in quenching or too 
large a section size may result in a portion 
of the section containing small amounts of 
ferrite and/or intermediate products. Such 
mixed structures could be expected to be- 
have in a very brittle manner if tempered 
to high hardnesses. It is impossible to state 
at this time the effect of tempering tem- 
perature on the properties of a structure 
containing a small amount of intermediate 
products (including ferrite). However a few 


tests on specimens austempered at g50°F © 


for various lengths of time and then tem- 
pered for one hour at g50°F indicate that a 
mixed structure tempered at a sufficiently 
high temperature possesses approximately 
the same notch properties as a pure tem- 
pered martensite of the same hardness. 
Probably this is explained by the fact that 
the hardness of the tempered martensite 
and intermediate products approach each 
other as the tempering temperature is 
increased. 


CoNCLUSIONS 


1. The concentric and eccentric (static) 
notch bar tensile test may be used to evalu- 
ate the embrittlement occurring on par- 
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tially austempering a low alloy steel. On 
the contrary accurate data cannot be ob- 
tained from regular tensile tests since such 
partially austempered specimens may be 
excessively brittle and therefore cannot be 
made to fail in the cylindrical test section. 

2. The notch properties of a partially 
austempered SAE 5140 steel appear to be 
determined primarily by two factors: (a) 
the quantity of the intermediate products 
and (b) the strength properties, particu- 
larly the hardness, of the intermediate 
products. 

3. The strength properties of partially 
austempered SAE 5140 steel may be con- 
siderably inferior to those of tempered 
martensite of equal hardness. The maxi- 
mum difference occurs when 30 to 50 pct 
of the structure consists of intermediate 
products. 

4. Austempering for a sufficient length 
of time to produce complete transformation 
results in a structure which possesses prop- 
erties approximately equal to tempered 
martensite of the same hardness. 

5. Austempering for extremely short 
times, resulting in a structure containing 
very small amounts of intermediate prod- 


ucts, causes a large detrimental effect on’ 


the notch properties of martensite as 
quenched or tempered at low temperatures. 

6. Because of the relatively large speci- 
men size used in this investigation, it is 
impossible to state that the transformation 
of the entire cross-section occurred iso- 
thermally. Therefore it is not possible to 
evaluate the results in terms of the notch 
properties of those austempered structures 
which would be predicted from published, 
isothermal transformation diagrams. Such 
data are generally derived from tests on 
much smaller sections than were used in 
this investigation. 

However some additional tests, in which 
not only the transformation conditions such 
as temperature and cooling rate, but also 
the chemical composition of the steel was 
varied, yielded throughout results in 
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agreement with the above conclusions. 
This, consequently, indicates that very 
small quantities of intermediate products 
which may be formed during conventional 
quenching may cause any low alloy steel in 
hard tempers to become extremely brittle. 
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Influence of Strain Aging on the Fracture Stress of Low-carbon 
Steel 


By D. J. McApag, Jr., MempBer AIME,* G. W. Ge1t,{ D. H. Wooparp,f AND W. D. JeENKINSt 
(New York Meeting, February, 1948) 


INTRODUCTION 


In a series of papers, the authors and 
their associates have shown the influence 
of four important factors on the technical 
cohesion limit.*-1* By “technical cohesion 
limit” is meant the technically determin- 
able resistance to fracture. The four impor- 
tant factors are the stress system, plastic 
deformation, temperature, and the strain 
rate. The influence of any one of these 
factors may be represented by a curve of 
cohesion limits, although only one point 
on the curve may represent actual fracture. 
As the term “fracture stress” has come 
into general use with the same significance 
as technical cohesion limit, the authors are 
here using the shorter term with the under- 
standing that it does not always refer to 
actual fracture. 

The previously mentioned series of 
papers contains ample evidence that 
plastic extension increases the fracture 
stress of any polycrystalline metal. In a 
recent paper of the series,'® moreover, it 
has been shown that the effect of plastic 
deformation on the fracture stress cannot 
be attributed to reorientation of internal 
flaws but is a work-strengthening effect, 
similar to the effect on the flow stress.{ 


Manuscript received at the office of the 
Institute October ro, 1947. Issued as TP 2318 
in METALS TECHNOLOGY, January 1948. 

* Chief, Section on Thermal Metallurgy, 
National Bureau of Standards, Washington, 


+ Metallurgists, National Bureau of Stand- 
ards, Washington, D. C. 

t ‘‘Flow stress’’ is here used in its generally 
accepted significance, to designate the greatest 
principal stress during flow. 

3-16 References are at the end of the paper. 
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Plastic deformation of steels, however, may 
not only cause work hardening, but may 
result in additional hardness because of 
strain aging. Some evidence that strain 
aging affects not only the flow stress but 
also the fracture stress, has been presented 
in a recent paper.’ In that paper, a study 
is made of the influence of plastic deforma- 
tion at room temperature on the fracture 
stress of ferritic steels at —188°C. The 
study is based on the results of two-stage 
tests. In the first stage each specimen was 
extended a predetermined amount at room 
temperature; in the second stage the 
specimen was tested to fracture in liquid 
air. In most of these tests the specimen 
remained in the testing machine during 
the interval of about one hour between the 
first and second stages, it was kept under 
a tensile load of about 500 lb and main- 
tained at liquid air temperature. The effects 
of various amounts of plastic deformation 
on the fracture stress were thus determined 
and curves were obtained to represent the 
influence of plastic deformation at room 
temperature on the stress at brittle fracture 
in liquid air.14 Two specimens of ‘ingot 
iron, however, were removed from the 
testing machine at the end of the first 
stage and several days elapsed before the 
specimens were tested to fracture in liquid 
air. As shown in Fig 8 of that paper,‘ the 
points representing fracture of these speci- 
mens are far above the curve representing 
the results of two-stage tests without a rest 
interval between the stages. The evidence 
thus indicated that the fracture stresses of 
these two specimens were increased not 
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only by the work-strengthening, but also 
by strain aging. The present paper presents 
results of further investigation of the in- 
fluence of strain aging on the fracture 
stress. 

There are two kinds of aging of steel. 
Both kinds probably are caused by pre- 
cipitation of particles from supersaturated 
solution in the ferrite.1 One kind, known as 
“quench aging” or ‘‘carbon aging,” occurs 
after quenching from elevated tempera- 
tures and is caused probably by precipita- 
tion of carbides. The other kind, known as 
“strain aging,” is induced by plastic defor- 
mation, and may continue, probably at a 
decreasing rate, for some time after plastic 
deformation has ceased. Whereas the 
hardness induced by quench aging varies 
considerably with the temperature, the 
hardness induced by strain aging varies 
little over a wide range of temperature and 
softening does not occur even after 500 to 
1000 hr. Evidently the precipitated com- 
pound forms at low temperatures and the 
diffusion rate is so slow that the particles 
do not increase greatly in size. It has 
been suggested that aging is caused by 
precipitation of iron oxide from super- 
saturated solution in the ferrite.’ 

In addition to the hardening effect of 
strain aging, there is a change in the form 
of the stress-strain curve. The curve ob- 
tained in a tension test of steel that has 
been plastically deformed but not allowed 
to age, shows no drop in stress or discon- 
tinuity at the yield point; it rises con- 
tinuously from the origin. With aging, 
however, the curve reverts to the form ob- 
tained with annealed steel and eventually 
shows a drop in stress at the yield point. J. 
Muir!® investigated the effects of time and 
temperature on the slow return from the 
“semi-plastic state” to the “elastic state.” 
Since then, the two effects of strain aging 
have been the subject of much investiga- 


“tion.217.20 Little attention, however, has 


been given to the influence of strain aging 
on the fracture stress. 
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MeEtHOD oF INVESTIGATION, MATERIALS, 
AND SPECIMENS 


In this investigation, specimens of an- 
nealed steels were plastically deformed 
various amounts at room temperature. 
Some of the specimens were then cooled 
immediately in liquid air and tested to 
fracture; others were aged before testing 
in liquid air and still others were aged, 
plastically deformed again and _ finally 
tested to fracture in liquid air. With each 
metal, therefore, three curves were ob- 
tained to represent the influence of plastic 
deformation and strain aging on the frac- 
ture stress at —188°C. One of the curves 
represents the influence of plastic deforma- 
tion alone, one represents the influence of 
plastic deformation plus strain aging, and 
the other represents the influence of plastic 
deformation of strain aged metal. 

No attempt has been made to investigate 
the variation of strain aging with time and 
the effect of this variation on the fracture 
stress. Attention has been confined to the 
effects of practically complete strain aging. 
Since the strain aging of low-carbon steels 
is practically complete after about three 
weeks at room temperature, most of the 
specimens to be aged were kept at room 
temperature for 25 to 30 days. To hasten 
the aging of a few of the specimens, how- 
ever, they were heated for about 30 min. in 
boiling water. As shown by Muir,’* 
Mehringer and MacGregor’ and others, 
aging is practically complete in that length 
of time at 100°C. 

For a description of the apparatus and 
methods used in the tension tests, reference 
may be made to a previous paper.’ For a 
description of the methods of testing at 
low temperatures, reference may be made 
to another paper.® In the tension tests, 
especially in the tests at —188°C, the load 
was increased or decreased more slowly 
than is usual. In the approach to fracture, 
the stress generally did not change more 
than 1000 psi in 30 to 60 sec. During the 
tension tests at room temperature the 
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change in diameter was measured by means 
of a dial micrometer to an accuracy of 
about 0.0002 in. In obtaining a complete 
- flow stress curve, the measurements were 
continued to the beginning of fracture.'4*1° 

The metals used in the investigation were 
annealed ingot iron and annealed o.12 pct 
carbon steel. The chemical compositions 
are given in Table 1 and details of the 
annealing treatment are given in Table 2. 
As indicated by the analysis, which was 
reported after the experiments were started, 
the 0.12 pct carbon steel is evidently 
Bessemer steel. 

TaBLE 1—Description of Metals 


Ee 


Chemical Composition 


Per Cent 
2 

q a n 

Material | 9 ; a 3 
ee ee 
S ont g « a 3 ¢ 
oO A 9 oo Oo ar 5 
a a q 2 a ° 
Da cs) H a [e} a) 4 
o 5 GY G 3 ma 
A 2 1S) a Ay op) rep) 


Ingot iron.] DK ]1.000]0. 01/0. 028]0.003|0.017|0. 002 
O12 (‘pet 
Carbon 
Steel... 


AD Jo.875]0.12|0.74 |0. 1009/0. 213/0. 02 


TABLE 2—Heat Treatment 


. Rod Time 
: Desig- n Temp Cooled 
Mat 4 ‘ 
aterial nation pies Deg F as in 
Ingot iron.|DK-17.5] 1.000] 1750 I Furnace 
0,52 pot 
Carbon 
Steel... Furnace 


0.875] 1700 I 


The specimens were circular in cross- 
section and were unnotched. The threaded 
ends were 0.75 in. in diam and the gauge 
length was 2 in. For the tests at room 
temperature, the gauge diam was 0.505 in.; 
for the tests in liquid air the diameter was 
smaller—about o.4 in., to avoid fracture in 
the threaded ends. 


INFLUENCE OF PLASTIC DEFORMATION 
AT Room TEMPERATURE 
ON THE FRACTURE STRESS 
AT —188°C 
Fig 1 and 2 show the influence of plastic 
deformation and strain aging on the flow 
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stress at room temperature and on the 
fracture stress at —188°C. Plastic deforma- 
tion is expressed in terms of A,/A, in which 
A, and A represent the initial and current 
areas of cross-section. Since values of 
A,/A are represented on a logarithmic 
scale, absctissas represent true strains. 
Curves F and F4 in each figure represent 
results of tests at room temperature, and 
curves T, T4 and Tz represent results of 
tests to fracture at —188°C. Attention 
will be given first to the influence of plastic 
deformation at room temperature without 
strain aging on the fracture stress at 
— 188°C. 

Curve F in each figure shows the varia- 
tion of the flow stress of unaged metal 
during a test to fracture at room tempera- 
ture, and the small open circles indicate 
results of measurements made during the 
test. The symbol at the end of curve F 
represents the beginning of fracture. Points 
representing the completion of fracture are 
not shown. Such points are determined in 
the usual way by dividing the ‘‘breaking 
load” by the area of cross-section measured 
after fracture. The area so determined 
generally is less than the area at the begin- 
ning of fracture, because the metal at the 
rim of the cross-section continues to extend 
after fracture begins at the axis. Breaking 
stresses based on this smaller area, there- 
fore, are too high. The symbol at the end 
of curve F represents the true fracture 
stress, 14,1516 

Each of the other symbols along curve F 
indicates the end of the first stage in either 
a two-stage or a three-stage test. The dot- 
and-dash lines rising from some of these 
symbols represent the increases of stress 
between the ends of first stages and the 
beginnings of the second stages. Each 
small black circle along curves F indicates 
the end of a first stage which was followed 
immediately by cooling to —188°C and 
test to fracture. Directly above each of 
these circles is a symbol indicating either 
fracture or yield in the test at —188°C, 
When the plastic deformation in the first 
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stage was less than a certain amount, the 
specimen showed no appreciable ductility 
in liquid air. When this amount of plastic 
deformation was exceeded in the first 
stage, however, the steel was ductile in the 
second stage. The ductility of the 0.12 pct 
carbon steel at —188°C began at less prior 
plastic deformation and was much greater 
than that of the ingot iron. As shown in a 
previous paper,‘ the ductility of a 0.12 pct 
carbon steel first increased with increase 
in the prior plastic deformation then 
decreased rapidly and disappeared. The 
reason for the increase in ductility is not 
known. It can hardly be attributed to 
reorientation of cementite particles since 
the carbon content of the ingot iron was 
only o.o1 pct. As shown in previous 
papers*!6 any variable that has even a 
slight differeritial effect on the flow stress 
and fracture stress may have a great effect 
on the ductility. 

Since curves JT in Fig 1 and 2 are in- 


- tended to represent the influence of plastic 


deformation at room temperature alone on 
the fracture stress at —188°C, the curves 


have been drawn so as to make allowance 


for the influence of any plastic deformation 
at —188°C on the fracture stress. The 
fracture stress of any specimen that is 
ductile at —188°C is increased: by the 
plastic deformation at that temperature. 
A point representing the initial fracture 
stress of such a specimen in liquid air, 
therefore, must be between the points 
representing yield and fracture. Since the 
resistance of a severely cold-worked metal 
to fracture is only slightly greater than its 
resistance to flow,?-!6 curves JT have been 


_drawn so as to pass only-a little above the 


points representing yield of the ductile 
specimens. 

As shown in two previous papers,'*!® the 
curve of fracture stresses in liquid air is 
generally similar in form to the curve of 
flow stresses at room temperature. When 
the yield stress drops abruptly to a mini- 
mum at room temperature, the curve of 
fracture stresses at — 188°C shows a similar 
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steep descent to a minimum. Such a rela- 
tionship was obtained with the o.12 pct 
carbon steel (Fig 1). The specimen tested 
entirely at —188°C fractured immediately 
after an abrupt drop in stress at yield. 
Curve T in Fig 1 drops far below the upper 
yield point of this specimen and even 
below the point representing fracture. In 
Fig 2, however, the correspondence be- 
tween curves J and F near the origin is not 
clearly revealed. Although there was a 
slight drop in stress at yield of the speci- 
men tested at room temperature, there was 
a continuous rise of stress between yield 
and fracture of the specimen tested entirely 
at — 188°C. However, downward extension 
of curve T might carry it to a minimum 
lower than the yield point of the specimen 
tested entirely at —188°C. 

The course of curve F beyond the point 
representing the maximum load is affected 
by the increase in the radial stress ratio 
(ratio of transverse radial to longitudinal 
stress) because of the notch effect of the 
local contraction of the specimen. If the ra- 
dial stress ratio did not increase, the course 
of curve F would depend only on the 
work-hardening effect of the plastic de- 
formation, and the curvature would be 
much greater than it is between the 
points representing maximum load and 
fracture. The similarity in form between 
curves T and F indicates that the fracture 
stress is affected not only by the plastic 
deformation, but also by the increase in 
the radial-stress ratio during the local 
contraction of the specimen." 


INFLUENCE OF PLASTIC DEFORMATION 
AT RooM TEMPERATURE 
FOLLOWED BY AGING 
ON THE FRACTURE STRESS 
AT —188°C AND ON THE FLOW STRESS 
AT Room TEMPERATURE 


Curves 74 in Fig 1 and 2 are based on 
the results of two-stage tests in which 
specimens were plastically deformed vari- 
ous amounts at room temperature, aged 
for 25 to 30 days at room temperature or 
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for 30 min. in boiling water and tested to 
fracture in liquid air. The small open 
squares along curves F mark. the ends of 
the first stages. Directly above each of these 
squares is a symbol indicating the stress 
at yield or at fracture of the aged specimen 
at —188°C. The aged specimens of the 
0.12 pct carbon steel showed some ductility 
in liquid air when the prior plastic deforma- 
tion at room temperature exceeded a 
certain amount but the ductility was much 
less than that of the unaged metal. The 
results obtained with this steel have made it 
possible to extend curve JT in Fig 1 to 
about the same length as that of curve 7. 
In Fig 2, however, curve T4 could not be 
extended far because of the lack of material 
for further tests. The small black square 
near the upper right corner of the figure 
possibly is too low because of incipient 
fracture in the first stage; the prior plastic 
deformation was nearly enough to cause 
fracture. Illustrations of such an effect 
are shown in Fig 6 and 8 of a previous 
paper.!4 

Comparison of curve 74 with curve T 
in each figure reveals the influence of the 
aging after various amounts of plastic 
deformation at room temperature. Com- 
parison of corresponding ordinates of the 
two curves shows that the percent-increase 
in the fracture stress because of the aging 
varied only slightly with the prior plastic 
deformation. The evidence indicates that 
‘the difference between corresponding frac- 
ture stresses for the 0.12 pct carbon steel 
was about 10 pct whether the prior plastic 
strain was large or small. For the ingot iron, 
the percent difference between correspond- 
ing fracture stresses possibly decreases 
slightly with increase in the prior plastic 
strain. With decrease of the prior plastic 
strain below about 2 pct, curve 74 for the 
0.12 pct carbon steel evidently would 
descend below the upper yield point of the 
specimen that was tested entirely at 


— 188°C; Before the yield of this specimen, ° 


therefore, the fracture stress evidently was 
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higher than the fracture stress of steel 
that had been aged after slight plastic 
strain. This relationship illustrates the 
fact that unstrained annealed low-carbon 
steel is similar in some respects to strain 
aged steel. If curve T4 were extended to 
zero strain it would traverse a minimum 


and rise to a point not far above the upper 


yield point of the annealed steel. Curve Ta 
thus would be similar in form to curve T. 
The evidence in Fig 2 is not sufficient to 
show whether curves T and Ty traverse a 
minimum and are thus similar in form to 
curve T. 

Curves F, in Fig 1 and 2 show the 
influence of plastic deformation at room 
temperature followed by aging on the flow 
stress at room temperature. These curves 
are derived from results of three-stage tests 
in which the specimens were plastically 
deformed various amounts at room temper- 
ature, aged as .usual, again plastically 
deformed to predetermined amounts at 


room temperature, and finally tested to. 


fracture in liquid air. The first two stages 
of these tests have been used in deriving 
curves F'4. The plus marks along curves 
F indicate the ends of the first stages. 
Directly above each of these marks is 
a symbol indicating yield of the aged 
metal at room temperature and a flow- 
stress curve extends from this symbol to 
an open triangle indicating the end of 
the second stage. Curves Fa are based 
primarily on the lower yield points ob- 
tained in the second stages. 

Comparison of curve F4 with curve F in 
each figure reveals the influence of aging 
after various amounts of plastic deforma- 
tion on the flow stress at room temperature. 
Comparison of corresponding ordinates of 
the two curves shows that the percent 
increases in the flow stress caused by the 
aging varied only slightly with the prior 
plastic deformation. The evidence in Fig 1 
indicates that the difference between cor- 
responding flow stresses for the 0.12 pct 


Oe ne mene 


carbon steel was about 1o pct whether 
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the prior plastic strain was large or small, 
Fig 1. Evidence in Fig 2 seems to indicate 
that the percent difference between the 
flow stresses of aged and unaged ingot iron 
decreased very slightly with increase in the 
prior plastic strain.* For both metals the 
percent increase in the flow stress because 
of the aging was practically the same as the 
percent increase in the fracture stress at 
— 188°C. 

With decrease in the prior strain below 
about 2 pct curve Fa in Fig 1 falls below 
the initial upper yield point of the o.12 pct 
carbon steel. If curve Fa were extended to 
zero strain, it would traverse a minimum 
and rise to the point representing the 
initial upper yield stress. The evidence in 
Fig 2 is not sufficient to show whether 
curve F4 would traverse a minimum if 
extended to zero strain. 


INFLUENCE OF PLaAstiIC DEFORMATION 
OF PREVIOUSLY STRAIN-AGED STEEL ON 
THE FRACTURE STRESS AT —188°C 

As illustrated by curves F4 in Fig 1 and 2 
and by the short flow-stress curves along 
curves F,4, plastic deformation after aging 
had no adverse effect on the flow stress at 
room temperature. When the strain bedore 
aging exceeded a certain amount the stress 
at yield in the subsequent test at room 


_ temperature dropped abruptly. After this 


drop, however, the flow-stress curve 


- follows curve F. This gives no evidence 
_ of damage during the flow of the previously 
 strain-aged metal. 


Consideration will now be given to 


the influence of plastic deformation of 


yz 
we 


previously strain-aged metal on the frac- 
ture at —188°C. After the strain-aged 


_ specimens had been extended the amounts 


indicated by the small open triangles along 
curves F4, each specimen was tested to 


- fracture in liquid air. Directly above each 


open triangle is a symbol indicating either 


* The evidence in these two figures is not in 


| accordance with the view of Davenport and 


Bain! that maximum strain aging occurs after 
about 15 pet prior strain. 
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yield or fracture at —188°C. Curve Ts, 
based on the results of these tests to 
fracture, shows the influence of plastic 
deformation of the aged metal at room 
temperature on the fracture stress in liquid 
air. If plastic deformation of strain-aged 
metal at room temperature had no adverse 
effect on the fracture stress at — 188°C, 
curve Tg would coincide with curve 74 
which represents the effect of strain aging 
with no subsequent plastic deformation. 
Curve Tp, however, ranges between the 
curve for unaged metal (7) and curve Ta. 
When the plastic deformation before and 
after aging was slight, the fracture stress in 
liquid air was no higher than that of unaged 
metal. With increase in the total plastic 
deformation of the 0.12 pct carbon steel, 
the curve of fracture stresses (Tz) rises 
rapidly until it practically coincides with 
curve 74. Curve Tz for ingot iron, how- 
ever, rises much more slowly, and remains 
below curve Zs. 

Comparison of curves C and C’ (Fig 1 
and 2) reveals qualitatively the variation 
of the fracture stress at —188°C with 
plastic deformation of specimens of aged 
steels. When the prior plastic strain of a 
specimen of 0.12 pct carbon steel before 
aging was only about 3 pct, plastic strain 
after aging evidently lowered the frac- 
ture stress at —188°C. (Fig 1.) When the 
prior plastic deformation before aging 
was about to pct, however, plastic. strain 
of the aged metal increased both the flow 
stress and the fracture stress. Over a wide 
range of prior plastic deformation of 
ingot iron (Fig 2) plastic strain of the 
aged metal at room temperature evidently 
decreased the fracture stress at —188°C 


(Fig 2). 


INFLUENCE OF PLASTIC DEFORMATION 
AND STRAIN AGING 
ON THE FRACTURE STRESS 
AT RooM TEMPERATURE 


The previously discussed variations of 
the fracture stress at — 188°C with plastic 
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deformation and with strain aging must be 
attributed to qualitatively similar varia- 
tions of the technical cohesive strength at 
room temperature. In previous papers*~*® 
the influence of plastic deformation on the 
fracture stress of a metal at room tempera- 
ture has been represented by a curve a 
little above the corresponding flow-stress 
curve; both curves rise and intersect at a 
small angle at the point representing actual 
fracture. Because only one point on such a 
cohesion curve represents actual fracture, 
the curve can be established only by 
indirect methods. However, by a compari- 
son of fracture-stress curves obtained at 
— 188°C with the corresponding flow-stress 
curves obtained at room temperature, it is 
possible to establish definitely the relation 
between the flow stress and fracture stress 
during the plastic deformation of ferritic 
steels at room temperature.!4!> In making 
such a comparison, however, the curves 
obtained at —188°C must be converted 
into equivalent curves representing the 
variation of the fracture stress with plastic 
deformation at room temperature. Such a 
conversion can be made by proportionate 
reduction of the ordinates of the curves 
obtained at — 188°C.14,15 

In Fig 3 converted fracture-stress curves 
for the 0.12 pct carbon steel thus obtained 
are shown together with.the correspond- 
ing flow-stress curves. The conversion 
factor (0.67) was chosen so that each 
converted fracture-stress curve touches the 
corresponding flow-stress curve at the point 
representing actual fracture at room tem- 
perature. Curves 7”, 74’ and Tz’ thus have 
been derived by multiplying ordinates of 
curves J, T4 and Ts by the constant 
conversion factor 0.67. 

Comparison of curves F and T shows 
the relation between the flow stress and the 
fracture stress during the plastic deforma- 
tion of unaged steel at room temperature. 
Comparison of curves f4 and 74 shows 
the influence of plastic deformation at 
room temperature followed by aging on the 


relation between the flow stress and the 
fracture stress. If plastic deformation of 
aged steel affects the fracture stress at 
room temperature in the same way that it 
affects the fracture stress at — 188°C, curve 
Tz’ represents the influence of plastic 
deformation before and after aging on the 
fracture stress at room temperature, and 
curve F, represents the corresponding 
variation of the flow stress. Since the 
ductility of a metal depends on the initial 
difference between the curves of fracture 


stress and flow stress, the relation between 


curves JT,’ and T,4’ seems to indicate that 
slight plastic deformation followed by aging 
would decrease the ductility of 0.12 pct 
carbon steel but that plastic extension of 
20 pct or more followed by aging would 
not decrease the ductility. Since curve Ts 
in Fig 2 rises only slowly above curve T 
and remains below curve Ta, this relation- 
ship indicates that strain aging would 
decrease the ductility of ingot iron more 
than that of the o.12 pct carbon steel. 
This supposition is confirmed by evidence 
in the literature. For example, in Fig 9.of a 
previous paper® the ductility of ingot iron 
is shown to be much less at 100°C than at 
room temperature. The lower ductility at 
100°C was caused by the strain aging. 


CONCLUSIONS 


The results of the experiments confirm 
the conclusion expressed in previous 
papers*-!® that plastic deformation in- 
creases the fracture stress of metals. 

Aging after plastic deformation at room 
temperature increases the fracture stress at 
— 188°C nearly in proportion to the increase 
in the flow stress at room temperature. 

The percent increase in the flow stress 
and fracture stress caused by aging varies 
little but may decrease slightly with in- 
crease in the plastic deformation before 
aging. 

When the deformation of either 0.12 pct 


carbon steel or ingot iron before aging is 


slight, subsequent moderate plastic de- 
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formation lowers the fracture stress at 
—188°C and probably also lowers the 
fracture stress at room temperature. This 
adverse effect of plastic deformation of 
aged steel decreases with increase in the 


plastic deformation before aging. The 


decrease of the adverse effect with prior 
plastic deformation is rapid for the o.12 
pet carbon steel but is very slow for the 
ingot iron. 

Since strain aging increases the flow 
stress the ductility is decreased when con- 
ditions are such that the strain aging 
decreases the fracture stress. 

The results of the experiments confirm 


the conclusion expressed in previous papers 


that the variation of the fracture stress 
with plastic extension may be represented 
by a curve above the flow-stress curve; 
both curves rise at a decreasing rate and 
intersect at a small angle at the point 


_ representing actual fracture. 
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DISCUSSION 


Joun R. Low, Jr.*—From the analysis 
shown for steel No. 12 one might suspect that 
it was a Bessemer steel whereas the others are 
presumably open-hearth steels. If this is true, 
it should be clearly indicated in the paper 
since Bessemer steels normally can be ex- 


_ pected to exhibit strain aging effects to a more 


marked degree than other grades. 


D. J. McApam, Jr. (authors’ reply)—As 
stated in the paper, this was a Bessemer steel. 
We did not know that until after the tests were 
started. 


Joun R. Low—The fracture stress curve in 


* Pennsylvania State College. 
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Fig 1 appears to be drawn through the yield 
point values at —188°C rather than through 
the fracture stress points. We would appreciate 
an explanation by the authors of why this was 
done. 


D. J. McApam, Jr—The fracture stress 
curve is supposed to represent the influence of 
plastic deformation at room temperature on 
the fracture stress in liquid air. Since the steel 
had some ductility in liquid air, and since the 
breaking stress of any specimen in liquid air 
depends on the total plastic deformation, a 
curve to represent the influence of plastic de- 
formation at room temperature on the fracture 
stress in liquid air must be below the points 
representing actual fracture in liquid air but 
above the points representing yield. 


Anelastic Properties of Iron* 


By T’rnc-Sur Kft MempBer AIME 


(New York Meeting, February 1948) 


INTRODUCTION 


Accorpinc to the classical theory of 
elasticity, the elastic portion of the stress- 
strain curve is represented by a straight 
line. Such a representation implies that 
there is a linear relationship between strain 
and stress and also that strain is a single- 
valued function of stress and vice versa. 
Actually, such a one-to-one correspondence 
between strain and stress does not exist 
in real metals. A well-known example is the 
elastic after-effect on unloading. Another 
familiat example is damping or internal 
friction, that is, the dissipation of energy 
attending vibration. In an extensive review 
of such phenomena, Zener}? has proposed 
the term ‘“‘anelasticity’”’ to denote that 
property of a solid in virtue of which strain 
is not a unique function of stress in the 
non-plastic region. The phenomena arising 
from anelasticity are called anelastic 
effects. 

The measurements on anelastic effects 
are important in many fields of metals 
technology. Thus, in precise instruments 
such as watch springs, difficulties often 
arise from the slight dimensional changes 
after fabrication. The internal friction or 
damping capacity of metals is often an im- 
portant factor in deciding whether they are 
appropriate for instruments in which there 
are accompanying vibrations.* However, 
for metal scientists, the study of anelastic 

* This research has been supported by ONR 
(Contract No. N-6ori-20-IV). Manuscript re- 
ceived at the office of the Institute December 
2, 1947; revision received February 16, 1948. 
Issued as TP 2370 in METALS TECHNOLOGY, 
June 1948. 

+ Research Associate with the rank of 
Assistant Professor, Institute for the Study 


of Metals, University of Chicago, 
1 References are at the end of the paper, * 


effects furnishes a powerful tool for under- 
standing many properties of metals in~ 
terms of their microstructures or atomic — 


interactions. In order to utilize the anelastic : 


measurements to their fullest extent for 
acquiring such information, the experi- 
mental studies of anelasticity must be 
interpreted by appropriate mathematical 
analysis. For a great many problems, how- 
ever, the necessary information often 
can be obtained by general qualitative 
arguments. : 
From the definition of anelasticity, any 
physical changes occurring in a specimen as — 
a result of the applied stress will cause 
anelastic effects if such physical changes 
are accompanied by a delayed change of 
elastic strain. Under these circumstances, — 
we have the condition that strain lags 
behind the stress. We may mention the 
stress-induced transportation phenomena 
as examples. These include the stress-in-_ 
duced thermal diffusion,4~? the stress-— 
induced diffusion of particles,’-! and the 
stress-induced viscous slip along the micro-— 
elements in metals.!2-!5 The differential 


equations describing the microscopic mech- | 


anism in these phenomena lead to relations - 
in which stress is linear with respect to_ 
strain (and/or their derivatives). Thus if we 


can demonstrate that the superposition — 


principle is valid under the circumstances 
in which the anelastic effects are observed, 


= 


' 


we would expect in the macroscopic relation — 


a linear relationship between stress and 
strain and their derivatives. : - 

This report is to describe a number of 
anelastic effects observed in alpha-iron, 
and an attempt is made to derive valuable 
information from a critical study of these 
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effects. Before proceeding to a description 
of the experiments, it may be helpful to 
make a correlation of various kinds of 
anelastic effects so that we can compare the 
results obtained by various anelastic 
measurements on alpha-iron by earlier 
workers?®:!6 and by this writer. 


INTERRELATION BETWEEN VARIOUS 
ANELASTIC EFFECTS 


There are many manifestations of the an- 
elasticity of metals in virtue of which stress 
and strain are not unique functions of one 
another in the pre-plastic range. To men- 
tion a few: (1) the recoverable creep under 
constant stress; (2) the elastic after-effect 
on unloading; (3) the stress relaxation at a 
constant deformation; (4) the variation of 
dynamic elastic modulus’ with the fre- 
quency of vibration; and (5) the internal 
friction. These effects are interrelated and 
are observed under different experimental 
conditions. Let us illustrate how these 

effects should be observed in a polycrys- 
talline metal if the applied stress induces a 
viscous slip along the grain boundaries.'*." 
x, Whenastress is applied to a metal, an 
elastic deformation is instantaneously pro- 
duced. If the grain boundaries behave in a 
viscous manner, they cannot sustain a 
shearing stress permanently however small 
the stress may be. There will therefore 
be a viscous flow along the grain bound- 
aries, and the shearing stress across these 
boundaries will at once start to relax. This 
stress relaxation will cause an over-all slow 
yielding of the metal after the instantane- 
ous deformation. Thus, if the applied stress 
_js kept constant, there will be a creep under 
constant stress. The locking effect of the 
_ grain edges and corners will insure that the 
over-all creep will be of limited extent fora 
fixed over-all stress. 
2. When the applied stress is removed, 
there will be an instantaneous partial re- 
covery of the specimen. However, the strain 
‘lags behind in the grain boundaries. This 
_ will cause residual stress in the neighboring 


eee ye ee 


449 


grains and this residual stress will, in turn, 
cause shear stress across the grain bound- 
aries. The gradual relaxation of this shear 
stress will result in a delayed complete 
recovery of the specimen which manifests 
itself as the elastic after-effect. 

3. The stress relaxation under constant 
deformation is but another way of describ- 
ing the recoverable creep under constant 
stress. It is evident that the applied stress 
should be gradually reduced if the over-all 
deformation of the specimen is to be kept 
constant, Likewise, as in the case of creep 
under constant stress, the over-all reduc- 
tion of stress or stress relaxation will also 
be of limited extent for a fixed over-all 
strain. 

4. When the specimen is set into vibra- 
tion, a periodic stress gives rise to a periodic 
displacement. The dynamic modulus is the 
ratio of the stress to that component of the 
strain which is in phase with the stress. It 
is this modulus which is measured by dy- 
namic methods. Since the amount of creep 
and stress relaxation varies with the time 
of observation, the amount that the strain 
lags behind the stress will also vary with the 
frequency of vibration. Accordingly the dy- 
namic modulus will vary with the fre- 
quency of vibration. 

5. The internal friction is measured by 
the dissipation of energy attending vibra- 
tion. In a periodic vibration where the 
stress and strain are not uniquely related, 
the corresponding stress-strain diagram for 
the conventional elastic region is an ellipse 
instead of a straight line for the case where 
the stress and strain are in phase. The area 
enclosed by this ellipse is a measure of the 
energy dissipated in a cycle of vibration. 
For an unambiguous and convenient meas- 
ure of this energy dissipation, we can define 
tan a, where a is the angle that strain lags 
behind the applied stress, as the internal 
friction. This expression is often referred 
to as Q-! by analogy with electrical oscilla- 
tion. Using this definition, the internal 
friction is zero when stress and strain are in 
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phase and is infinity when they are com- 
pletely out of phase, having a phase differ- 
ence of 90°. The anelastic effect manifested 
in this type of measurement is thus the 
internal friction and its variation with the 
frequency of vibration. This definition of 
internal friction has sense even when the 
energy dissipation is extremely large so 
that the free vibration becomes aperiodic. 
When the energy dissipation is not too 
large, it turns out that tan a is identical 
with the logarithmic decrement measured 
in free decay experiments divided by 7. A 
discussion of very large energy dissipation 
for a particular case has been given recently 
by Zener.}7 
In the above discussions, the pertinent 
anelastic effects in the dynamic case are the 
variations of elastic modulus and of internal 
friction with the frequency of vibration. A 
variation of the frequency of vibration 
through a wide range involves much experi- 
mental difficulty. However, in most of the 
anelastic effects.in which we are interested 
(except those associated with thermal dif- 
fusion and magnetic flux diffusion), the 
temperature and the rate of delayed defor- 
mation, or relaxation, are interrelated 
through a heat of activation. In such cases, 
the variation of a dynamic modulus with 
frequency of vibration will be associated 
with a variation of this modulus with the 
temperature of measurement. Similarly the 
internal friction, which is a function of 
the frequency of vibration, will also be a 
function of temperature. In these cases we 
can measure the dynamic modulus and in- 
ternal friction as a function of temperature 
instead of as a function of frequency. 
A set of relations correlating these an- 
elastic effects mentioned above has been 
_derived by Zener,? which is valid independ- 
ent of the magnitude of the effects con- 
cerned. An experimental demonstration of 
the validity of these relations has been pre- 
sented by the writer in his study on the 
viscous behavior of grain boundaries in 
aluminum."8 
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EXPERIMENTAL METHODS OF MEASURING 
ANELASTIC EFFECTS 


In the measurement of anelastic effects, _ 
the applied stress should be so small that — 
the following conditions are fulfilled: (x) 
there should be no permanent set after the — 
stress is removed; (2) the observed an- i, 
elastic effects should be linear with the ap- ; 
plied stress or prior strain in the static 
case and independent of the stress levels 
in the dynamic case. Thus the internal" 
friction and the dynamic rigidity should be 
independent of the amplitude of vibration; 
the creep per unit elastic strain (or instandl } 
taneous strain) independent of the magni-_ 
tude of the elastic strain; and the stress 
relaxation per unit initial stress independ- _ 
ent of the magnitude of the initial stress. 

Anelastic effects in metals can be ob-— 
served in all or one of the following types — 
of deformation: tension, bending and 
torsion. The torsional method was chosen 
in the present investigation because it is” 
much simpler experimentally than the 
other methods when the strain to be meas- 
ured or the stress applied is very small. 
One objection to the torsional method is 
that the strain in the specimen is inhomog- 
eneous. But this will have no consequenc 
if the effects concerned are observed under | 
such conditions that they are linear with 
strain and stress. 

As the various kinds of anelastic effects _ 
can be interrelated, only one type of anelas-’ | 
tic measurement, that is internal friction, — 
was taken in the following investigation. 
The shear modulus was also determine 
occasionally. The frequency of vibration 
was adjusted to be about one cycle per 
second by attaching a small inertial bar to 
the specimen. Visual observations coul 
therefore be made easily. The measure 0 
internal friction herein adopted is th 
logarithmic decrement divided by 7. When | 
the logarithmic decrement is small, th 
shear modulus G of the wire is proportiona 
to the square of the frequency of vibratio 
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provided the length and radius of the wire 
are kept constant. 

The apparatus used was essentially an 
elaborated torsional pendulum with the 


_ Fic 1—TorsIONAL APPARATUS FOR MEASUR- 
"ING INTERNAL FRICTION AND DYNAMIC SHEAR 
MODULUS OF WIRE SPECIMEN UNDER VERY SMALL 


STRESS. 


_ wire specimen as the suspension fiber. The 
temperature of the specimen can be either 
‘raised or lowered. A  diagrammatical 
description of the apparatus is shown in 

Fig 1 and the actual form in Fig 2. A 
! detailed description of it has been given 
_ elsewhere.”® 


ANELASTIC RELAXATIONS IN ALPHA-IRON 


The material used in this investigation 


was Westinghouse ‘“‘Puron,” a high purity 
iron, containing as its chief impurities 


Pr ne 
Fic 2—ARRANGEMENT USED IN THE TORSIONAL 
EXPERIMENT. 


approximately 0.040 pct oxygen, 0.005 pct 
carbon and 0.004 pct nitrogen. It was sup- 
plied in 3g in. rod and was swaged to 
0.178 in., then it was recrystallized by 
annealing at 550°C for 30 min. in a salt 
bath. This material was swaged and then 
drawn to 0.026 in. with several intermediate 
3o-min. anneals at 650°C in vacuum. The 
amount of final cold-working was about 
58 pct RA. A test wire 1r2-in. long was 
mounted between the two pin vises, Pi, P2, 
shown in Fig 1 so that it was situated in 
the uniform temperature region of a non- 
inductively wound electric furnace FF. The 
temperature of the wire specimen was con- 
trolled and measured with a relative ac- 
curacy of 1°C with a chromel p-alumel 
thermocouple inserted into the furnace 
through the hole H; and a Tag Celectray 
indicating temperature controller (Fig 2). 
The measurements were taken in an atmos- 
phere of 99.8 pct argon by keeping a con- 
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stant flow of argon through the furnace 
through the Pyrex glass tube Hz. For 
measurements at temperatures below room 
temperature, the argon flow was substi- 
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vibration were plotted on semi-logarithmic 
paper against ordinal number of vibrations, 
a straight line has always been obtained. 
This indicates that under the experimental 
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FIG 3—CURVES ILLUSTRATING THAT THE LOGARITHMIC DECREMENT DETERMINED IN THE TORSIONAL 
EXPERIMENT IS INDEPENDENT OF THE STRESS AS THE STRESS AMPLITUDE VARIED TENFOLD, 


The internal friction is equal to the logarithmic decrement ‘divided by 7. These logarithmic 
decrement curves were obtained for cold-worked Puron specimen (58 pct RA) at 139°C after it 


was annealed at 300°C for one hour (See Fig 5). 


tuted by a stream of nitrogen cooled by 
passing through liquid nitrogen. 

The total longitudinal load on the test 
wire, including the lower pin vise Ps, the 
Kanthal A-1 rod N, the concave mirror 
M, the torsional arm BB and the damping 
pin A, is about 37 g (except in the experi- 
ments designed to test the effect of this 
longitudinal load, to be described later). 
This corresponds to a longitudinal stress 
of about 150 psi, a value much lower than 
the yield point of iron which is about 10‘ psi 
at room temperature. The maximum ampli- 
tude of vibration observed on a scale 
situated 3 m away from the mirror was 
made to be less than 3 cm in most of the 
measurements, and was less than 2 cm for 
measurements at high temperatures. With 
a test wire of 0.026-in. diameter and 12 in. 
long, this amplitude of vibration cor- 
responds to a maximum shearing strain on 
the surface of the test wire of 4 X 1078. 
When the consecutive amplitudes of 
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conditions: (1) the twist on the wire was 
sufficiently small so that the logarithmic 
decrement, and thus the internal friction, © 
is independent of the stress amplitude; 
(2) the twist applied to the wire and the 
longitudinal load on the wire have caused 
no change in the wire specimen during the 
measurement. Typical examples illustratin 
the stress independence of logarithmic — 
decrement in the iron specimen at 139°C — 
and 475°C are shown respectively in Fig 3, 
4 and 5 where the amplitude of vibration 
varies tenfold. ; 
In Snoek’s experiments on the internal | 
friction of iron, a longitudinal magnetic 
field of 40 oersted was applied during the | 
measurements to suppress the damping 
caused by magneto-mechanical hysteresis 
effects. However, it is well-known that 
such hysteresis loss decreases when the 
stress amplitude is reduced. Using the stress 
amplitude described above, the lowest in- 
ternal friction observed with the present 
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apparatus without a “saturation magnetic 
field”? was about 0.0007. This value includes 
the air damping and apparatus losses. 
The ferromagnetic hysteresis loss is appar- 
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glass tube H» for microscopic examination. 
These test pieces had-the same past his- 
tory as the wire specimen and had received 
the same annealing treatment except no 
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Fic 4—SIMILAR AS IN FIG 3 EXCEPT THAT THESE CURVES WERE DETERMINED AT 47 5°C AFTER THE 
COLD-WORKED SPECIMEN WAS ANNEALED AT 600°C FOR ONE HOUR (SEE Fic 5). 
It is to be noticed that the logarithmic decrement given by these curves are about 37 times 


larger than that given in Fig 3. 


ently negligibly small under the stress level 
used. Consequently no saturation field was 
used in the present experiment. 
The internal friction of the 58 pct RA 
_ Puron wire was measured at room tem- 
_ perature. It was then annealed at 200°C for 
one hour “in situ ” and the internal fric- 
tion measured at 200°C and lower tem- 
peratures. The same wire was successively 
annealed at higher temperatures (with 
50°C steps) for one hour and measure- 
ments were taken at the annealing tem- 
peratures and lower temperatures as before. 
During the annealing at high temperatures, 
the longitudinal load on the wire was sup- 
ported so that no stretching could be made 
on the wire during annealing. This series of 
“measurements was made up to 600°C. 


longitudinal load was applied during an- 
nealing. Preliminary experiments have 
demonstrated that the longitudinal load 
applied has no effect on the microstructure 
of the specimen. The wire was found by 
metallographic examination to be com- 
pletely recrystallized after the one hour 
anneal at 500°C. The etchant used was. 
2 pet nital. 

The variation of internal friction with 
temperature after successive annealings is 
shown in Fig 5. The frequency of vibration 
used was about half a cycle per second at 
room temperature. There are three internal 
friction peaks, A, C, and FE. They occur at 
temperatures around 20, 225 and 490°C. In 
addition to these peaks, there are three 
regions, B, D and F, over which the internal 
friction varies with temperature. It is to be 


_ After each annealing, a short test piece of 


; Puron wire was taken out from the Pyrex noted that these three internal friction 
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Fic 5—VARIATION OF INTERNAL FRICTION WITH TEMPERATURE OF COLD-WORKED WESTIN 
HOUSE PURON SPECIMEN (58 pcT RA) AFTER IT WAS SUCCESSIVELY ANNEALED AT VARIOUS TEM 


PERATURES AS INDICATED IN AT ATMOSPHERE OF ARGON FOR ONE HOUR. 
The frequency of vibration was about 44 cycle per second at room temperature. The capital _ 


letters A,B,C,D,E,F, are used to mark out the six different relaxations which occurred in the — 
temperature range studied. These relaxations will be discussed separately in the following sections. 


peaks occur under different treatments. 
Thus there is no 20°C peak for the cold- 
worked specimen and the 225°C peak disap- 
pears when the specimen was recrystal- 
lized. Fig 5 indicates that the 20°C and the 
225°C peaks are somewhat complementary: 


one rises while the other sinks. Before w 
proceed to discuss these relaxations sepa- 
rately, let us examine what general con 
clusion can be drawn from the fact tha 
there is an optimum temperature for maxi- 
mum internal friction, . 
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‘When a stress is applied to a specimen, 
an anelastic effect is expected if the applied 
stress causes a delayed change of strain. 
This delayed deformation of the specimen 
can be called a relaxation which may be lim- 
ited or unlimited. Amorphous substances 
such as pitch are good examples of solids 
manifesting unlimited relaxation. In such 
cases the creep under constant stress will not 
be recoverable when the applied stress is 
removed and the internal friction will con- 
tinue to increase indefinitely as the fre- 
quency of vibration is lowered or when the 
temperature of measurement is raised. In a 
strict sense, therefore, the anelastic effects 
which are nonplastic and recoverable should 
‘include only the relaxation phenomena of 
the limited type. In solids with limited 

relaxation, the creep under constant 
_ stress will also be limited, or only a certain 
fraction of a macroscopic stress associated 
with a given strain can be relaxed. The 
‘internal friction will have a maximum value 
when the frequency of vibration is varied, 
or, in the case where there is a time-tem- 
perature relationship, there will be an 
optimum temperature for maximum in- 
ternal friction. The relaxation phenomena 
of the limited type signify that the diffu- 
sion distance must be finite in cases where 
anelastic effects were caused by stress- 
induced diffusion. In the case of viscous 
phenomena, the viscous regions must be 
confined by non-viscous matrices so that 
there can be only a limited amount of 
viscous slip. The existence of an internal 
friction peak (either versus frequency of 
vibration or versus temperature of meas- 
urement) is thus a necessary and sufficient 
condition for establishing an anelastic 
effect in the strict sense; and valuable 
information can be derived from internal 
friction measurements only when an in- 
ternal friction peak is observed. 


Analysis of the 20°C Peak (Peak A) 


| The physical origin of the 20°C peak 
observed in annealed Puron with a fre- 
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quency of vibration of half a cycle per 
second is believed to have the same origin 
as that observed by Snoek® in annealed 
iron containing a small amount of carbon 
or nitrogen. According to Snoek and later 
verified by Dijkstra,!* this internal friction 
peak is caused by the anelasticity associ- 
ated with the stress-induced preferential 
distribution of carbon and nitrogen atoms 
among various interstitial positions in 
primary solid solution of alpha-iron. In 
body-centered cubic iron the carbon or 
nitrogen can go into the interstitial posi- 
tions, that is, the center of the faces or the 
middle of the edges of an elementary cell. 
These interstitial positions have tetragonal 
symmetry with the tetragonal axis parallel 
to one of the principal axes. This implies 
that the lattice distortion produced by car- 
bon or nitrogen atoms in these positions 
will also have tetragonal symmetry. Along 
the tetragonal axis the interstitial atom 
lies closer to the neighboring iron atoms 
and thus the elastic distortion is greater. 
In a stress-free specimen containing inter- 
stitial solute atoms, these atoms will be 
distributed equally among interstitial posi- 
tions having tetragonal axes parallel to 
any one of the three principal axes. When 
a tensile stress is applied along one of the 
principal axes, as X-axis, there will be a 
greater probability that a solute atom will 
be in an interstitial position whose tetra- 
gonal axis is along the X-axis. Some time is 
required for the establishment of this pre- 
ferential distribution of solute atoms and 
consequently strain lags behind the stress. 
This will cause internal friction and other 
anelastic effects. 

In the picture presented above, it is evi- 
dent that the diffusion of the solute atoms 
is from one interstitial position to another 
and the distance over which diffusion takes 
place for relaxation is of the order of one 
atomic distance. For atomic diffusion 
processes, the relaxation time 7 varies with 
the temperature of measurement T (in 
°K) according to the relation: 
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T = ToeH/RT [x] 


where 79 is a constant, R the gas constant 
and H the heat of activation. At low tem- 
peratures, the relaxation time associated 
with the diffusion induced by the applied 
stress is so large that practically nothing 
has been relaxed during a half cycle of 
the applied stress. The strain is thus essen- 
tially in phase with the applied stress all 
the time during the half-cycle and there- 
fore the internal friction should be small. 
At very high temperatures, the relaxation 
time is so short that the relaxation will 
be completed in but a very small frac- 
tion of a half-cycle of the stress. So again 
the strain is essentially in phase with the 
applied stress and thus the internal friction 
is again small. Only in intermediate tem- 
perature ranges where the relaxation time 
is comparable with the period of vibration 
do we have a partial relaxation, and the 
internal friction will be large. The internal 
friction will reach its maximum value 
when 

Tw) =1 [2] 
where w is the angular frequency of the 
applied stress. We have thus 


I 


T = (af) [3] 


where f is the frequency of vibration. This 
furnishes us a method for estimating the 
time of relaxation. 

Confirming Snoek’s observation, it was 
found that the 20°C peak disappears after 
the Puron wire was ‘‘purified”’ from carbon 
and nitrogen by the conventional wet 
hydrogen treatment. This is shown in the 
left end of Fig 8 to be compared with Fig 5. 
In order to find out whether the observed 
peak in Puron is due to carbon or nitrogen, 
a “purified” Puron specimen was loaded 
with nitrogen by annealing the specimen in 
an atmosphere of hydrogen-ammonia mix- 
ture (4 pct ammonia by volume) at 550°C 
for one hour. The specimen enriched with 


| 
nitrogen gives a much higher peak at the 
same temperature with the same frequency 
of vibration. Accordingly the 20°C peak 
observed in the original Puron wire corre- 
sponds to the nitrogen peak observed by 
Snoek. This wire contains only about 
0.004 pct of nitrogen. 

It can be seen from Snoek’s picture that 
the heat of activation associated with the 
stress-induced preferential distribution of 
nitrogen atoms among various interstitial 
positions in alpha-iron corresponds to the 
activation energy for the diffusion of 
nitrogen in alpha-iron. In the present 
experiment where the applied stress is ex- 
tremely small, the effect of the applied 
stress on the activation energy should be 
negligibly small. Consequently the heat of 
activation determined by anelastic meas- 
urements is actually equal to the heat of 
activation for diffusion in absence of ap- 
plied stress. As one purpose of the present 
paper is to elucidate what anelastic meas- 
urements can achieve when used as a tool — 
for research, it seems to be proper to de- — 
scribe here the procedure for determining 
the heat of activation from internal friction 
measurements. 

For any relaxation process having a hea 


of activation, we have the relation Eq 1: 
T = ToeH/RT | 


: 


The internal friction is a function of the 
phase difference between stress and strain, | 
and this is, in turn, a function of the total 
amount of relaxation during half a cycle of 
the applied stress. The amount of relaxa-_ 
tion during a half-cycle depends on the 
relaxation time and the frequency of vibra- 
tion. Consequently, the internal friction — 
must be a function of the relaxation time — 
and the frequency of vibration f. 

By dimensional analysis, the internal 
friction, being dimensionless, must be a 
function of the parameter rf, or ; 


Q4= A fon (fener) 4) 
where the factor A is independent of f but 


4 


| 
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may be a function of T. However, if there 
is a heat of activation associated with the 
relaxation process concerned, the factor A 


can only be a slowly varying function of T. 


This means that the necessary condition 


for the existence of a unique heat of acti- 


vation is that the internal friction is deter- 
mined primarily by the parameter fe#/?7. 
Under this condition, an increase of the fre- 
quency of vibration would shift the in- 
ternal friction curve to higher temperatures 
without changing the shape of the curve 
when plotted with Q-! against 1/T. The in- 
ternal friction is now measured with two or 
more frequencies of vibration and the tem- 
peratures selected at which the value of the 
internal friction is the same in both (or 
all) measurements. In this procedure, then, 
we can consider that the internal friction 
is independent of the temperature of 
measurement. By differentiating both sides 
of Eq 4 with respect to 1/T where T is 


the temperature in absolute scale, we get on 


neglecting the term containing dA/d(1/ T), 


dQ"! 


iG/H) Ova fon’ (feH/RT)eH/RT 


Cats +) ts 


in which the prime sign indicates the first 
derivative of the function with respect to 


its argument. From Eq 5 we get 


mn = 
or 
4 (a() 
sins (aC) 
, and 
aes =-% [6] 
_ Hence | 
H= 23k il 
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When two frequencies of vibration f; and 
fe are used, we have 


R logio (fo/fr) 


Ries 1/T, — 1/T2 


[8] 
It is obvious then that the procedure for 
determining the heat of activation is to 
measure the internal friction curve (versus 
temperature) with two (or more) fre- 
quencies of vibration and plot each curve 
against 1/T as abscissa. Then one curve is 
to be shifted horizontally until it superposes 
on the other. The heat of activation can 
thus be determined according to Eq 8 
from the amount of horizontal shift. It is 
evident that there is a unique value of 
activation energy for the whole relaxation 
process when and only when the whole 
internal friction curves can be made to 
superpose on one another through one 
single horizontal shift. 

In Snoek’s original work, the heat of 
activation associated with the nitrogen 
peak was assumed to have the same value 
as in the magnetic after-effect experiments 
(H = 16,400 cal per mole). However, the 
observed curve was found to be narrower 
than the calculated curve assuming this 
heat of activation. It is apparent that the 
value from magnetic data is too low. As 
this value is important in diffusion studies, 
a direct determination from internal fric- 
tion measurements is desirable. 

There are intrinsic difficulties in the 
determination of the heat of activation 
associated with the nitrogen peak. In order 
to avoid the uncertainty introduced by the 
background it is necessary to have a large 
internal friction peak. However, when this 
peak is raised by loading more nitrogen 
into the specimen, “‘segregation”’ usually 
comes in. It has been found that specimens 
annealed at temperatures over 850°C for 
several hours can hold the nitrogen in 
solid solution for a period of a few days 
without appreciable segregation.’® In the 
following determinations the specimen 
used was annealed at 850°C for about 10 hr 
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after being stretched 3 pct. After such 
treatment, it has very large grains, being 
several times larger than the diameter of 
the wire. This wire was then loaded with 
nitrogen (6 pct NH; in Hz) at 550°C for 3 hr 
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Internal Friction (Q7') 


Temperature of Measurement (°C) 
Fic 6—RELAXATION PEAK A IN PURON SPECIMEN WHICH was FIRST TREATED WITH WET 
HYDROGEN TO REMOVE CARBON AND NITROGEN AND THEN ‘‘LOADED”’ WITH NITROGEN BY ANNEALING — 
IN AN ATMOSPHERE OF 6 PcT NH; IN He AT 550°C FOR 3 HOURS AND QUENCHED IN COLD WATER. 


The frequencies of vibration used in determining the two internal friction curves shown in the 
figure were respectively about 1.8 and 0.38 cycles per second. 


and quenched in cold water. Preliminary 
measurements showed that this specimen, 
after being tempered at 50°C for one hour, 
has no appreciable segregation in a period 
of about four days. The internal friction 
of this specimen was measured from 
—5°C to 46°C with a frequency of about 
1.8 cycles per sec (Fig 6). The frequency 
of vibration was then lowered about five 
times by attaching a heavier and longer 
torsional arm to the specimen and the 
internal friction measured again from o°C 
up. The measurements for this frequency 
were made only to 21°C in one trial. The 
curve could not be completed because it 
was found next morning that the internal 
friction had decreased about 5 pct at the 
same temperature. However, as the curve 
has passed over the maximum value, we 
can determine the heat of activation with 
a fair degree of accuracy. 

In Fig 7 these two internal friction curves 
were superposed on each other by a hori- 
zontal shift of the 1oo0/T scale through 
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0.1575. As the two frequencies of vibration — 
used have a constant ratio of 4.74 over the — 
temperature range concerned, we have from _ 
Eq 8, H = 20,000 cal per mole, which 
should be accurate to within ro pet. 


oe 
A 


’ ° 
x lower frequency 
of vibration 


o higher frequency 
of vibration 


40 50 


We should like to mention in passing 
that such an internal friction peak has — 
been recently observed also in the intersti- 
tial solid solutions of C, N and O in tanta- 
lum which has a body-centered cubic struc- 
ture.!! This indicates that such anelastic 
phenomenon is characteristic of all inter- 
stitial solid solutions of body-centered 
cubic metals. 


Analysis of the 225°C Peak (Peak C) 


Working with 99.8 pct Baker’s iron wire 
in cold-drawn form, West has observed _ 
elastic after-effects in the temperature 
range of 100-200°C,!6 He found that low-— 
temperature anneals diminish the ability _ 
of cold-worked material to show such after- 
effect, the after-effect observed at low 
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’ temperatures being eliminated first. These 


after-effects were analyzed in terms of 
relaxation spectrum y, and the value of w 
(roughly equal to internal friction) oe 
6-sec relaxations at each temperature being 
calculated from the slope of the elasti 
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after-effect curves. When the y-values 
were plotted against the temperature of 
measurement, an ‘‘apparent” peak was 
found around 165°C which he considered 
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It is seen in Fig 5 that the height of the 
225°C peak decreases with an increase of 
annealing temperature. It was eliminated 
when the specimen was completely re- 
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Fic 7—DETERMINATION OF HEAT OF ACTIVATION ASSOCIATED WITH PEAK A BY A RELATIVE 
SHIFT OF THE TWO INTERNAL FRICTION CURVES SHOWN IN Fic 6 (AFTER THEY WERE REPLOTTED 
WITH THE INTERNAL FRICTION AGAINST 1000/T). 
These two curves were superposed on each other by a horizontal shift of the 1000 /T scale 


through 0.1575. 


was caused by the viscosity of slip bands. 
However, Snoek® has observed earlier in 
cold-worked iron containing carbon or 
nitrogen a conspicuous maximum in in- 
ternal friction at about 200°C with a fre- 
_ quency of vibration of about 0.2 cycles per 
sec, and he thinks the most plausible infer- 
ence is that the observed damping has 
something to do with a pure Gorsky 
damping,® that is, carbon or nitrogen par- 
ticles migrate from regions of positive 
- stress to regions of negative stress in the 
way proposed for the first time by Gorsky. 
4 Comparing .the results obtained by these 
4 two workers, one finds that the relaxation 
_ phenomena they observed are the samé. 
The shift of the relaxation peak to a lower 
temperature in West’s work is because his 
~ data on 6-sec relaxation corresponds to a 
lower frequency of vibration (about 0.02 
cycles per sec). As they have different 
_ opinions concerning the physical origin of 
' this peak, it seems desirable to make a 
_ further study. 
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crystallized by annealing at 500°C for one 
hour. Consequently it must be connected 
in some way with the state of cold-working 
in the specimen. 

The curves shown in Fig 8 were obtained 
under identical conditions as those in Fig 5, 
except that the Puron specimen was treated 
with wet hydrogen before it was cold- 
drawn to 56 pct RA. There is practically 
no 225°C peak for this specimen. After this 
specimen was completely recrystallized 
(soo°C anneal for one hour), the 20°C 


peak rises barely over its background. This 


indicates that the wet hydrogen treatment 
did not remove every trace of nitrogen or 
carbon originally contained in the Puron 
specimen. A comparison of Fig 8 with 


Fig 5 is, however, sufficiently convincing 


to infer that the observed 225°C relaxation 
peak must have something to do with 
nitrogen or carbon. In order to find out 
whether the observed peak in Puron is due 
to carbon or nitrogen, a Puron specimen 
was first ‘‘purified ”: from nitrogen and car- 
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bon by wet hydrogen treatment. This 
specimen was loaded with nitrogen by the 
ammonia treatment described above. It 
was then drawn to about 60 pct RA and 


0.040 


0035 
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ing is necessary for the observed relaxation — 
peak. 


The iron specimen used by West in his 


study was Baker’s iron wire. Although an 


Jron wire 


0.030 
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(Puron), treated with wet hydrogen 
and then cold-drawn to 56% RA 


room temperature anneal 
200°C anneal for | hour 


Frequency of vibration ~ $eycle per second ' 


0.015 


Internal Friction (Q-') 


0010 


0.005 


EXCEPT 
DRAWN TO 56 pct RA. 


was tempered at 350°C for one hour. The 
internal friction measurements were taken 
from room temperature up to 320°C and 
the results are shown in Fig 9. The fre- 
quency of vibration used was about 0.13 
cycles per sec. Here the maximum internal 
friction occurs at the same temperature as 
in the case of the Puron specimen when 
account was taken of the difference of fre- 
quencies of vibration used in these meas- 
urements. This indicates that the peak 
observed in the Puron specimen used is due 
to nitrogen. 

Experiments on annealed specimen 
loaded with nitrogen but without being 
subjected to cold-work show no relaxation 
peak up to 300°C. Accordingly, cold-work- 


2 250 
Temperature of Measurement (°C) 


Fic 8—A SET OF CURVES OBTAINED UNDER IDENTICAL CONDITIONS AS THOSE SHOWN IN FIG 5 
THAT THE PURON SPECIMEN WAS TREATED WITH WET HYDROGEN BEFORE IT WAS COLD- 
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analysis of the carbon and nitrogen content : 
in the specimen was not given, it must con-_ 
tain an appreciable amount either of carbon 


or nitrogen as the wire showed a marked : 


f 


lower yield after it was annealed at 850°C. 
Consequently the relaxation peak he ob- ] | 


served is associated with the presence of — 
either carbon or nitrogen in cold-worked 


iron and is not likely to be caused by the 
> } 


viscosity of slip bands. 


Attempts were made to determine — 


the heat of activation associated with the 


relaxation peak with the nitrogenloadeaia| 


specimen (Fig 9). It was found that — 
this peak decreases with annealing and 
is not stable enough to give an accurate 
determination. 


> 


The heat of activation was finally deter- 
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mined with an original Puron specimen. 
The specimen was cold-drawn to 58 pct RA 
and then annealed at 450°C for one hour. 
Internal friction measurements were made 
with two frequencies of vibration having a 
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curve were brought to superpose on one 
another by a horizontal shift of the 1r000/T 
scale through 0.15. According to Eq 8 
this gives a heat of activation of 


H = 32,000 cal per mol 


loternal Friction (Q7') 


150 


200 250 300 


Temperature of Measurement (°C) 


Fic 9—RELAXATION PEAK C IN PURON SPECIMEN WHICH WAS FIRST TREATED WITH WET HYDROGEN 
AND THEN LOADED WITH NITROGEN. 
Before the internal friction measurements, the nitrogen loaded specimen was cold-drawn to 
60 pct RA and then tempered at 350°C for one hour. Frequency of vibration used was about 0.13 
cycles per second, Peak is C. Upper right hand branch is “relaxation D.”’ 


ratio of 11.2 (the frequencies are about 
0.156 and 1.75 cycles per sec). Both in- 
ternal friction curves, which are quite 
stable and reproducible, are shown in 


Fig 10 with the internal friction plotted 


| 


against 1000/7, where T is the temperature 
of measurement in absolute scale. At the 
higher-temperature side of both curves, the 
‘relaxation peak C” is overlapping with 
“relaxation D” to be discussed later. 
Consequently only the low-temperature 
side of the curves can be relied upon in the 
determination of the heat of-activation. In 
Fig 11, the low-temperature parts of each 


This value is much larger than the value 
21,000 cal per mole found by West, but 
lies within the limit of Snoek’s value of 
from 24,000 to 40,000 cal per mole. 

In Fig 10 a smaller shift brings ‘‘re- 
laxation D’’ of two corresponding curves 
to superpose. This indicates that the heat 
of activation associated with ‘‘relaxation 
D” is larger. A crude estimation gives a 
value of about 50,000 cal per mole. 

A glance at Fig 10 shows that the two 
relaxations have resolved better in the 
lower frequency curve than in the higher 
frequency curve. This illustrates a general 
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principle of resolving two over-lapping re- 
laxations having different heats of acti- 
vation by changing the frequency of 
vibration. 


——— Temperoture of Meosurement (*C) ! 
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peak in a stress-induced diffusion process 
implies that the diffusion distance involved ! 
is finite. Although the exact diffusion — 
mechanism is not known, we can estimate - 


200 175 150 125 100 


higher frequency of vibration 
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Internal Friction (Q-') 
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FIG 10—RELAXATION PEAK C IN ORIGINAL PURON SPECIMEN AFTER IT WAS COLD-DRAWN TO 58 PCT 
RA AND THEN ANNEALED AT 450°C FOR ONE HOUR. 

The two frequencies of vibration used in determining the two internal friction curves shown in 


the figure were respectively about 0.156 and 1.75 cycles per second. Notice that high-temperature © 
side of each curve was mixed up with ‘‘relaxation D.’”’ Peak is C. Upper left hand branch is 


“relaxation D.”’ 


Summarizing the information obtained 
so far concerning the 225°C peak, we can 
conclude that the sufficient conditions for 
the occurrence of this relaxation peak are 
that an iron specimen contains a small 
amount of nitrogen and has been subjected 
to cold-work. Since there is a heat of acti- 
vation associated with this relaxation, 
these observations suggest that we are con- 
cerned with the stress-induced diffusion 
of nitrogen within some peculiar type of 
stress regions produced by cold-working. 
The diffusion process involved must be 
quite different from the interstitial diffusion 
of nitrogen in solid solution of iron because 
the relaxation peak now concerned is 
mutually exclusive with the 20°C peak 
which is caused by the stress-induced 
interstitial diffusion of nitrogen atoms in 
annealed iron. This also indicates that the 
simple picture of Gorsky’s type of damping 
mentioned by Snoek cannot be adequate. 

The existence of an internal friction 


21 22 2.3 24 25 26 27 


gen is diffusing under the influence of the 
applied stress. 

For a diffusion process, we have the 
general relation 


t 
i 
: 
; 
; 
the over-all distance over which the nitro- | 
x? ~ Dt | 


the diffusing particle, D the diffusion _ 
coefficient and ¢ the time of diffusion 

which can be taken in the present case at 
the relaxation time r. At a temperature T : 
we have ; 


where x is the average distance covered by | 


x2 ~w Doe-#/kT ‘TT 


where Dp is the diffusion constant and H : . 
the heat of activation for diffusion which — 
can be taken as the heat of activation — 
associated with the relaxation (32,000 cal 
per mole). At 210°C (438°K), the tem- 
perature at which the internal friction is a 
maximum (see Fig 10), the frequency of 
vibration is 0.124 cycle per sec. The time of 


necessary data except Do which can not be. 
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relaxation at this temperature is thus, 
according to Eq 3, 1.28 sec. To estimate 
the diffusion distance which is inde- 
pendent of temperature, we have all the 
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a maximum value of about 0.08. Con- 
verting this to the engineering term specific 
damping capacity defined as the ratio of 
the energy AE dissipated per cycle to the 
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Fic 11— DETERMINATION OF THE HEAT OF ACTIVATION ASSOCIATED WITH PEAK C BY A RELATIVE 
SHIFT OF THE TWO INTERNAL FRICTION CURVES SHOWN IN FIG to. 


These two curves were superposed on each other by a horizontal shift of the 1000/T scale 


through 0.15. 


evaluated unless the mechanism of diffu- 
sion was understood. Fortunately, this con- 
stant does not change appreciably for 
different diffusion processes and its con- 
tribution to x? in Eq 9 is much less im- 
portant in comparison with that of the 
exponential term. If we can apply Dush- 
man-Langmuir diffusion formula®® to the 


_ present case, we have 


~ where # is Planck’s constant, 
~Avogadro’s number, J the mechanical 


Do ee HJd?/N oh 
No the 


equivalent of heat, H the heat of acti- 


- vation in cal per mol and d the distance 
~ involved in an elementary jump which can 
be taken as approximately equal to the lat- 


: 
— 


q 
1 
j 
i 


se 


tice constant (2.86A for iron). This gives 
0.28 cm?2/sec. Substituting this and 
T = 483°K, tr = 1.28secand H = 32,000 
cal per mol in Eq 9 we get x~ 4A, in- 
dicating that the average diffusion dis- 


tance of nitrogen atoms is of the order of 


a few atomic diameters. 


Analysis of the 490°C Peak (Peak E) 


~The 490°C peak shown in Fig 5 is unique 
in its magnitude. The internal friction has 


average energy E of vibration per cycle, we 
have 


AE/E = 2nQ7! = 50 pct 


Although this conversion formula is strictly 
true only when the quantities involved are 
small, nevertheless it gives a fairly good 
idea as to the damping magnitude. Such a 
high damping capacity deserves special 
attention because it seems to occur in all 
polycrystalline metals under appropriate 
conditions but not in single crystals.1*.1*."4 
By an extensive quantitative study with 
various kinds of anelastic measurements, 
it has been demonstrated in the case of 
99.991 pct aluminum that this damping 
peak has its physical origin in the viscous 
behavior of the grain boundaries in 
metals.!3:!4 In the present study of this 
grain boundary peak in iron, more evidence 
was obtained which should be able to 
clarify some skepticism on the viscous 
behavior of grain boundaries. Further- 
more, an attempt is made to understand 
the mechanism of grain boundary slip 
which may contribute to the study of creep 
of metals. 

There is no method known at present of 
determining the actual structure of grain 


a 
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boundaries in metals. However, when two 
crystals of different orientations meet, the 
transition zone between the two crystals 
must possess a disturbed crystallinity. 
Consequently, whatever the nature of the 
grain boundary may be, an intercrystalline 
amorphous cement or a transitional atomic 
layer, it can equally well behave in a 
viscous manner when the boundary region 
is considered as an entity. Such a phe- 
nomenological consideration is fruitful for 
the purpose of understanding the mechan- 
ism of plastic deformation and fracture 
in polycrystalline metals.. By viscous be- 
havior we mean that the grain boundary 
can not sustain a shear stress permanently 
and it has a coefficient of viscosity de- 
creasing with an increase of temperature. 
In the introductory chapter of this paper, 
we have described in some detail how the 
viscous behavior of grain boundaries can 
cause anelastic effects under appropriate 
conditions. In the case of internal friction 
measurements, one can predict that as the 
temperature of the polycrystalline speci- 
men is raised, the internal friction associ- 
ated with the viscous slip along the grain 
boundaries will have a maximum value. 
The reason for this is similar to the case of 
stress-induced atomic diffusion described 
above. At low temperatures, the rate of 
slip at the boundary is low because the 
viscosity is high. The distance slipped in a 
half-cycle of the applied stress will thus be 
negligibly small in comparison with the 
total amount of possible slip which is a 
function of the grain size of the specimen. 
The deformation is thus essentially in 
phase with the stress and consequently the 
internal friction is small. At very high 
temperatures, the rate of slip is very high 
because of the low viscosity at the boun- 
dary. The total permissible slip will be 
completed in but a small fraction of the 
time in a half-cycle and again the defor- 
mation is essentially in phase with the 
stress most of the time. Consequently the 
internal friction will again be small. Only 
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in an intermediate temperature range 
when the time for the completion of the — 
slip (or roughly speaking, the relaxation 
time) is comparable with the period of the © 
applied cyclic stress will the internal fric-— 
tion be appreciable. Such a maximum has ~ 
been observed in the case of aluminum,!5 — 
magnesium!’ and alpha-brass.!* Using elas- — 
tic after-effect on unloading, West!® has — 
observed in 99.8 pct iron some high-tem- 
perature after-effect for which the relax-— 
ation spectrum (roughly equal to internal © 
friction) increases rapidly up to 550°C, 
the highest temperature of measurement. — 
He suggested that this after-effect is due to 
shear-stress relaxation along grain boun- 
daries. With reference to the previous 
results obtained in other metals, it is 
natural to believe that the 490°C peak — 
(Peak E) obtained in recrystallized Puron 
as shown in Fig 5 has its origin in the grain — 
boundaries. In order to demonstrate the — 
effect of grain size of the specimen upon ~ 
the observed internal friction peak, the re- 
crystallized Puron specimen was annealed © 
at still higher temperatures, namely at — 
750°C and at 850°C for one hour in 
vacuum. However, no appreciable change 
in the internal friction peak was observed — 
after such treatment except that there was 
a slight decrease in the high-temperature 
branch of the curve, probably due to the 
decrease of the “relaxation F’’ by anneal- 
ing (Fig 5). Metallographic examination of | 
the specimens showed that no detectable | 
grain growth had occurred. In the case of — 
99.991 pct aluminum where grain growth © 
was obtained by annealing at successively 
higher temperatures, an increase of grain 
size of the specimen had shifted the in- _ 
ternal friction curve (versus temperature) j 
to higher temperatures.!4 An attempt had 
been made to achieve grain growth by an- 
nealing the specimen in an atmosphere of . 
; 


Pre om 


wet hydrogen before the final annealing 
but the procedure met with little success. — 
It was thus decided to prepare large grains 
following the general procedure used by 
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Edward and Pfeil.2! The original Puron 
specimen was first treated with wet hydro- 
gen at 750°C, stretched about 3 pct, an- 
nealed at 850°C for about 1o hr in vacuum 


0.07 


0.06 


© flower frequency 
of vibration 
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ration of the specimen having very large 
grains. This specimen was annealed also at 
850°C for about 10 hr; the only difference 
was that the 3 pct intermediate stretching 
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x higher frequency 
of vibration 
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Fic 12—VARIATION OF INTERNAL FRICTION WITH TEMPERATURE OF VERY FINE-GRAINED AND 


VERY LARGE-GRAINED PURON SPECIMENS PREPARED BY IDENTICAL HEAT TREATMENT (850°C 
ANNEAL IN VACUUM) EXCEPT THAT THE 3 PCT INTERMEDIATE STRETCHING WAS OMITTED IN THE 


PREPARATION OF THE FINE-GRAINED SPECIMEN. 


The two internal friction curves for the fine-grained specimen were determined with frequencies 
of vibration of respectively about 1.76 and 0.26 cycles per second at room temperature. The 


longitudinal load on the wire in the measuremen 


seven times greater. 


and then furnace-cooled. Very large grains 
were obtained after such treatment. They 
were several millimeters long, which was 
much larger than the diameter of the wire 
specimen. The variation of internal friction 
with temperature for this specimen was 
determined and shown in Fig 12. The 
internal friction is comparatively small up 
to a temperature of 550°C with no peak 
around 490°C as in the case of fine-grained 
specimen. 

In order to demonstrate that the peak E 
shown in Fig 5 can not be due to the effect 
of cold-working which might persist even 
after the specimen was recrystallized, a 
fine-grained specimen was prepared follow- 
ing the same procedure as for the prepa- 


ts with the lower-frequency of vibration was about 


was omitted. In this case a rather fine- 
grained specimen was obtained, having an 
average grain size of about 0.003 cm. The 
850°C annealings were all done in a vac- 
uum furnace with the specimen lying 
straight and free. After this treatment, the 
specimen was mounted for measurement in 
the torsional apparatus. Extra care was 
taken to reduce the disturbance to the 
wire to a minimum. A very light torsional 
arm was used for the measurements. The 
total load on the wire was about 23 g. 
Since the diameter of the wire was about 
0.033 in., this longitudinal load amounted 
to about 60 psi. The internal friction curve 
for this specimen is shown in Fig 12 (the 
curve with crosses). It is seen that the in- 
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ternal friction peak occurs around 500°C; 
and at this temperature, the frequency of 
vibration is 1.62 cycles per sec (see the 
lower curve in Fig 13). As the fine-grained 
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Fic 13—VARIATION OF NATURAL FREQUENCY 
OF VIBRATION WITH TEMPERATURE OF THE FINE- 
GRAINED PURON SPECIMEN. 

The upper curve is for the higher and the 
lower curve is for the lower frequency of vibra- 
tion. The ratio of the two frequencies was 
found to have a constant value of 7.73, over 
the temperature range concerned. 


specimen and the very large grained speci-_ 


men were prepared using similar pro- 
cedures, we have reason to believe that the 
existence of a peak in the case of the fine- 
grained specimen can be attributed only 
to the grain boundaries. 

In the above measurements, the longi- 
tudinal load on the wire was about 60 psi. 
The question may arise as to whether this 
longitudinal load might have stretched the 
wire during the measurement especially at 
higher temperatures and this might cause 
the observed internal friction peak. It 
seems improbable that such a small load 
should cause any appreciable change in the 
specimen. The logarithmic decrement 
curves shown in Fig 4 seem to indicate 
that no change could have been made dur- 
ing the measurement. Furthermore, the 
internal friction peak was found to be 
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quite stable with respect to the time and 
temperature of annealing provided that 
the annealing temperature did not exceed 
the highest temperature at which the speci- 
men was previously annealed. 

To make a decisive test on this point, a 
torsional arm about seven times heavier 
than the first arm was attached to the 
same specimen. The frequency of vibration 
was then much lower. With this torsional 
arm, the longitudinal load on the wire was 
about 400 psi. The internal friction curve 
determined under this condition is shown 
in Fig 12 (the curve with circles). The 
shape and the height of the curve are 
similar to the higher frequency curve 
except it was shifted to lower temperatures 
as is expected in a relaxation process. 

From the relative shift of these two 
curves, the heat of activation associated 
with the grain boundary relaxation can be 
determined according to Eq 8. As the re- 
laxation effect concerned is very large, the 
natural frequency of vibration is no longer 
constant over the whole range of the tem- 
perature of measurement. The variation of 
the frequency with temperature is shown 
in Fig 13 for both frequencies. It was found, 
however, that the ratio of the two fre- 
quencies is almost constant over the whole 
temperature range. The average ratio was 
found from Fig 13 to be 7.73. In Fig 14 it is 
shown that the two curves (plotted against 
1000/7) can be brought to superpose on 
each other by a horizontal shift of the 
1000/T scale through 0.048. This gives a 
heat of activation of 


H = 85,000 cal per mol 


which should be accurate to within 10 pet. 

The higher temperature branch of the 
internal friction peak did not descend as it 
should if the entire peak were due to the 
grain boundary relaxation. This has also 
been observed in the case of other metals 
(aluminum, magnesium and alpha-brass). 
It was thought that a new type of re- 
laxation came in and it was labeled F in 
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Fig 5 to be discussed later. As can be seen 
from Fig 12, however, when the frequency 
of vibration is changed, the higher temper- 
ature branch of the internal friction curve, 
which is presumably a combination of the 
grain boundary relaxation and “relaxation 
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can be estimated 
have thus 


according to Eq 3. We 


T = lénf 
or 


T470°C = 0.748 sec ‘ 
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Fic 14—DETERMINATION OF THE HEAT OF ACTIVATION ASSOCIATED WITH RELAXATION PEAK E 
BY A RELATIVE SHIFT OF THE TWO INTERNAL FRICTION CURVES SHOWN IN FIG 13, AFTER THEY WERE 
REPLOTTED WITH INTERNAL FRICTION AGAINST 1000/T. 

These two curves were superposed on each other by a horizontal shift of the 1000/T scale 


through 0.048. 


F,” shifted the same amount as the lower- 
temperature branch of the curve which is 
presumably entirely due to grain boundary 
relaxation. This may indicate that the heat 
of activation associated with “relaxation 
F” is nearly equal to that associated with 
grain boundary relaxation. 

From the lower-frequency curve shown 
in Fig 12, we can see that the optimum 
internal friction occurs at a temperature of 
470°C. The natural frequency of vibration 
at this temperature is, from the lower curve 


of Fig 13, 0.213 cycles per sec. With these 


data, the ‘‘mean” relaxation time associ- 
ated with the grain boundary relaxation 


Now from Eq 1, we have 


T= TeH/RT 


and ro can be determined from the condi- 
tion that r = 0.748 sec at 470°C, whence 
we get. 

=25942,500/7 


[9] 


We have emphasized repeatedly that our 
study on grain boundary is only phenome- 
nological and that the viscous behavior of 
the grain boundaries is contemplated in the 
sense that the grain boundary can not 
sustain a shear stress permanently and it 
has a coefficient of viscosity decreasing 


T = 1.09 X 10 
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with an increase of temperature. Following 
is an estimation of the viscosity of the grain 
boundary as manifested by its behavior of 
relaxing shear stress. 

Consider a grain boundary with an 


“affective thickness” d. Then the coeffi- 


y 


(9) 
Fic 15—(a) EXAMPLE OF EQUIAXED GRAINS. 
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and thus »& s(G.S.)/Gut, whence we may 
estimate 7 from the following formula 


n = Gutd/(G.S.) {r1] 


It is seen from Eq 11 that the tem- 
perature dependence of 7 is primarily 
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(b) 


(b) ILLUSTRATION OF THE POSSIBLE CONDITION AT 


THE GRAIN BOUNDARY. 


The parallel lines indicate 


the regular lattice planes. The effective thickness of the grain 


boundary was indicated by d which includes the region in which the atoms belonging to the lattice 
of one grain are influenced by those in the adjacent grain. 


cient of viscosity may be defined in a con- 
ventional way by 


n = s/(v/d) [10] 


where s is the shearing stress and » is the 
rate of relative displacement of the two 
sides of the boundary. The thickness of the 
grain boundary is not known from experi- 
mental work. However, if the grain bound- 
ary is assumed to include the region in 
which the atoms belonging to the lattice 
of one grain are influenced by those in the 
adjacent grain (Fig 15b), then the effective 
thickness of the grain boundary may be 
considered of the order of a few atomic 
distances. Take the case of equiaxed grains 
as shown in Fig rsa. Let Ax be the distance 
slipped along the grain boundary during 
the time 7 where 7 is the time of relaxation, 
then v& Ax/r. The elastic shear strain in 
the immediate vicinity of the boundary 
accompanying this slip is given approxi- 
mately by e= Ax/(G.S.), where (G.S.) is 
the average grain diameter of the specimen. 
As this elastic strain is defined by e = s/Gu, 
where Gy is the unrelaxed shear modulus or 
the shear modulus when no relaxation has 
taken place, we have Ax/(G.S.) = s/Gu, 


through the time of relaxation t because 
d and (G.S.) are independent of and Guy 
varies only slightly with the temperature of 
measurement. 

The unrelaxed shear modulus of iron is 
of the order of magnitude of 10!* dynes per 
cm? and we can take d as of the order 
of magnitude of ro A. Since the average 
grain diameter for the alpha-iron specimen 
is about 0.003 cm, we have, by combining 
Eq 11 and Eq 9 


[12] 


by which we can estimate the grain bound- 
ary viscosity in the alpha-iron specimen at 
various temperatures. 

It is evident that the grain boundary 
viscosity as manifested by its behavior of 
relaxing shear stress will depend upon 
many metallurgical factors in addition to 
grain size. In the case of 99.991 pct 
aluminum, internal friction measurements 
have demonstrated that the grain boundary 
viscosity is lower in a specimen subjected 
to a heavier plastic deformation prior to 
recrystallization.2? A study of the effect 
of impurities upon grain boundary viscosity 
has also been made and will be reported 
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in a later paper. In spite of all these, the 
estimated values of grain boundary viscos- 
ity at some particular temperatures shown 
in Table 1 are quite illustrative. 


TABLE 1—Estimated Values of the ‘‘Grain 
Boundary Viscosity” in Alpha-Iron at 
Several Temperatures. 


ae 
U 
(poise) 
(°C) (°K) 

20 293 1045 
400 673 Iolo 
500 773 10 
600 873 103 
fob de} 1183 190-2 


The viscosity at room temperature is ex- 
tremely high and therefore no grain bound- 
ary relaxation can occur. The internal 
friction peak observed in alpha-iron covers 
approximately the temperature range of 
400-600°C, where the coefficient of viscos- 
ity decreases from 10° to 10° poise. If we 
should take phenomenological analogy 
literally, we might compare these figures 
with those of Pyrex glass which is known 
to behave in a viscous manner. The working 
range for glass blowing is when the viscos- 
ity of the glass lies between 10’? to 104 
poise.2® It is to be noted that the grain 
boundary viscosity at 910°C, the transition 
temperature of alpha-iron to gamma-iron, 
is 10~? poise, which is of the same order of 
magnitude as the coefficient of viscosity of 
molten iron. 

As described above, the heat of activa- 
tion associated with grain boundary re- 
laxation in alpha-iron as determined by 
internal friction measurements is 85,000 cal 
per mole within an accuracy of 1o pct. 
Using radioactive iron from the atomic 
pile and Westinghouse Puron iron, the 
self-diffusion coefficients in alpha and 
gamma iron have been recently determined 
by Birchenall and Mehl.?4 The preliminary 
results they reported gave a value of 77,- 
200 cal per mol for the activation energy of 
alpha-iron These two values agree within 
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experimental error. Such an agreement has 
also been found in the case of alpha-brass 
(29 pct Zn),!* where the activation energy 
associated with the grain boundary relaxa- 
tion was found to be 41,000 cal per mol 
which is close to the value of 41,700 cal 
per mol for the diffusion of zinc (29.08 pct) 
in alpha-brass. In the case of aluminum, 
the heat of activation associated with the 
grain boundary relaxation has been found 
to be 34,500 cal per mol.}* Unfortunately 
the activation energy for self-diffusion in 
aluminum has not been determined by 
direct experiment because there are no 
known radio-active isotopes of satisfactory 
half-life. However, this activation energy 
may be estimated roughly on the basis of 
melting point and of binding energy of 
aluminum.** It was observed by Johnson?® 
that the ratio of the activation energy to the 
melting temperature for certain face- 
centered cubic metals ranges from about 
37 to 45, and the ratio of the activation 
energy to the binding energy for the same 
metals ranges from about 0.6 to 0.75. 
From these limits, the activation energy for 
the self-diffusion of aluminum, which is a 
face-centered cubic metal, was estimated to 
be 37,500 + 4,000 cal per mol. The grain 


’ boundary activation energy for aluminum 


lies within these limits. 

If such an agreement in activation ener- 
gies for grain boundary slip and for volume 
diffusion were found to be a general phe- 
nomenon for all metals, this would indicate 
that the grain boundary slip involves the 
same mechanism as does volume diffusion. 
In our study of the mechanical behavior of 
the grain boundaries in metals, the grain 
boundary is considered as an entity what- 
ever its nature may be, an intercrystalline 
amorphous cement or an atomic transitional 
layer. If the grain boundary slip involves 
the same mechanism as does the volume 
diffusion in the interior of the grains, that 
would imply, as far as the local order is 
concerned, the structure of the grain bound- 
ary region can not be markedly different 


470 


from that of the interior of the grains. 
The grain boundary slip can thus be con- 
sidered as creep on a microscopic scale, 
and this creep occurs at a lower tempera- 
ture than creep in single crystals because 
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boundaries has been complete, Gy the 
shear modulus when no slip occurs across 
the grain boundaries, and s is the Poisson’s 
ratio. As the value of s covers the range 
from 14 to % for most metals, the theoreti- 
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y of Vibration Squared 


0.045 
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Temperature of Measurement (°C) 
Fic 16—VARIATION OF ‘‘SHEAR MODULUS”’ WITH TEMPERATURE OF FINE-GRAINED PURON SPECIMEN 


of the disturbed crystallinity at the grain 
boundary. This viewpoint is strengthened 
‘by the observation that the activation 


energies for the creep in these metals men- . 


tioned above are comparable with that 
grain boundary slip.”’ 

The viscous behavior of grain boundaries 
in metals implies also that when an over-all 
stress, however small, is applied to a poly- 
crystalline specimen, the shear stress across 
all grain boundaries will gradually relax. 
The locking effect of the grain edges and 
corners will insure that the over-all stress 
relaxation will be of limited extent for a 
fixed over-all strain. The theoretical maxi- 
mum shear relaxation is”® 


1 — Gr/Gu 
= 1 2(7-+ 5s)/5(7 — 4s) [13] 


where Gp is the shear modulus of a poly- 
crystalline specimen in the case where the 
grain boundaries are viscous and the re- 
laxation of shear stress across the grain 


of 


cal value of the maximum shear stress 
relaxation is, according to Eq 13, from 
24 to 45 pet. 

The temperature variation of the shear 
modulus (which is proportional to the 
square of the natural frequency of vibra- 
tion) in a fine-grained Puron specimen is 


shown in Fig 16. The curve is essentially — 


a straight line at low temperatures and 
there is a rapid change in curvature around 
320°C, This rapid change occurs at a higher 
temperature for specimens having very. 
large grains. Reference to .the previous 
works on other metals!?!* justifies the 
statement that the curve for single crystals 
will run along the extended line indicated 
in Fig 16. 

Since there is no grain boundary in a 
single crystal, the extended line can be 
considered as the curve for the unrelaxed 
modulus Gy. Let G(T) be the dynamic 
shear modulus in polycrystalline iron at 
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the temperature 7, then we have 
G(T)/Gu = (fp/f:)? 


where fp and f, are respectively the fre- 
quency of vibration in polycrystalline and 


[14] 
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relative to the viscous slip along the grain 
boundaries. When we consider the grain 
boundary as a transitional region, this 
boundary region and the neighboring 
grains are not sharply divided. If the grain 


Temperature of Measurement (°C) 
Fic 17—RELAXATION OF SHEAR MODULUS IN FINE-GRAINED PURON SPECIMEN. 


single crystal iron at the temperature T. 
The ratio G(T)/Gu, calculated from Fig 16, 
is plotted as a function of the temperature 
of measurement in Fig 17. It can be seen 
that the grain boundary relaxation has 
not been completed at the highest tem- 

' perature of measurement but we can infer 
that Gr/Gu is smaller than, but is close 
to, 0.70. The over-all stress relaxation 
across the grain boundaries in the Puron 
iron specimen is thus greater than, but “is 
close to, 30 pct. This lies within the theoret- 
ical value of from 24 to 45 pct given above. 
The percentage over-all shear stress re- 
laxation across the grain boundaries is of 
limited extent as demonstrated above. This 
implies that the viscous slip along the grain 
boundaries is also of limited extent. Such a 
limited creep has been observed in the case 
of aluminum in measurements of creep 
under constant stress. This creep is 
limited because of the blocking effect of the 
_ grain edges and corners. When stress is 
applied to a polycrystalline specimen, un- 
doubtedly there will be some sort of re- 
adjustment at the grain edges and corners. 
_ However, when the applied stress is very 
small as in the present experiments, the 
edges and corners will move very little so 
they can be considered as éssentially fixed 


boundary is blocked at grain corners, the 
question may arise as to what will happen 
to the regions of the grains next to the grain 
boundary when viscous slip is occurring at 
the boundary. This situation may be illus- 
trated in Fig 18, in which the grain bound- 
ary region is indicated by the region 
between the two dotted lines and its 
neighboring regions in the grains by two 
elastic springs. These springs are fastened 
on two supports representing the grain 
corners shown in Fig 15a. As illustrated, 
the springs can be elastically deformed even 
when they are fixed at both ends. If the 
viscous slip along the boundary is Ax, then 
the elastic displacement at the immediate 
vicinity of the boundary must also be Ax. 
Such a relationship has been utilized before 
in deriving a formula for the estimation of 
grain boundary viscosity. 

If shear stress is relaxed along the grain 
boundaries, then stress must be concen- 
trated at the grain edges or corners. Under 
proper conditions, the local stress concen- 
tration may be large enough to initiate 
cracks or slip at the grain edges or corners. 


Relaxations B, D and F 


On comparing Fig 5 with Fig 8, it can 
be seen that if we could remove the carbon 
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and nitrogen completely from the Puron 
specimen with the complete elimination of 
the relaxation peak C, then relaxations B 
and D would merge into a single region in 
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Fic 18—FIGURATIVE ILLUSTRATION OF THE 


SITUATION AT THE GRAIN BOUNDARY. 


which the internal friction increases con- 
tinuously with an increase of temperature. 
As the existence of an internal friction peak 
(either versus frequency of vibration or 
versus temperature of measurement) is a 
necessary and sufficient condition for estab- 
lishing an anelastic effect in the strict sense, 
no conclusive information can be derived 
from relaxations B and D because no peak 
has been observed. However, a plausible 
argument can be made based on experi- 
mental results on these relaxations. These 
results are consistent with the viewpoint 
that the slip bands or the highly disorgan- 
ized regions formed in cold-worked mate- 
rial behave in a viscous manner similar 
to grain boundaries. As shown in Fig 8 the 
internal friction associated with relaxations 
B and D at any given temperature is lower 
the higher the temperature of prior anneal. 
This is consistent with the concept that 
the highly disorganized material in the slip 
bands acquires gradually the order of the 
surrounding undeformed material as the 
specimen is annealed. For any given tem- 
perature of prior anneal, the internal fric- 
tion is higher the higher the temperature 
of measurement. This is consistent with the 
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viewpoint that the rate of shearing strain 
within the slip band material increases 
rapidly with an increase of temperature. 
In other words, the viscosity associated 
with the slip band material decreases 
rapidly with an increase of temperature. 
Extensive results have been obtained in the 
case of cold-worked polycrystalline and 
single crystal aluminum,”* indicating that 
this phenomenon is common to all metals. 

Experiments show that relaxation D does 
not depend on the original grain size of the 
specimen before it was subjected to cold- 
work. This indicates that relaxation Dis not 
caused by the stress relaxation across the old 
grain boundaries in the deformed metal. 

The viscous behavior of slip band ma- 
terial is only one of the plausible concepts 
which can give a consistent explanation to 
the variation of internal friction with the 
temperature of measurement and of anneal- 
ing. There was no conclusive experimental 
evidence, so far, to show that the internal 
friction in regions B and D is necessarily 
due to the slip bands in cold-worked ma- 
terial. However, it has been recently ob- 
served by Burke and Barrett*® that the 
slip lines in deformed alpha-brass speci- 
mens are eliminated only after the speci- 
mens were completely recrystallized. If this 
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is also true in the case of deformed alpha-— . 


iron, that would indicate the relaxation D 
is connected with these slip lines. In both 
Fig 5 and 8 there is an abrupt drop in 
internal friction in region D after the 
specimen was completely recrystallized 
(500°C anneal for one hour). 

Very little can be said about the relaxa- 
tion F which occurs at the highest tempera- 
ture of measurement. As has been described 
above, the internal friction associated with 


this relaxation decreases when the specimen 


is annealed at successively higher tempera- 
tures after the specimen has recrystallized 
(Fig 5). This suggests that this relaxation 
might be caused by the imperfections in the 
specimen created by cold-working which 
could not be removed even after the speci- 
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men was recrystallized. This viewpoint is 
supported by previous observations in the 
case of aluminum!? which showed that this 
relaxation is quite sensitive to the amount 
of cold-working on the specimen prior to 
recrystallization. As the heat’ of activation 
associated with this relaxation is com- 
parable to that associated with creep in 
metals, this relaxation might be a mani- 
festation of creep in metal crystals. 


SUMMARY 


Internal friction measurements in torsion 
were made on Westinghouse Puron speci- 
mens containing as chief impurities approxi- 
mately 0.040 pct oxygen, 0.005 pct carbon 
and 0.004 pct nitrogen. Starting with a 
cold-worked Puron wire, the internal fric- 
tion was determined by free decay method 
after the specimen had been annealed at 
successively higher temperatures from 50°C 
to 600°C. Measurements were made after 
each anneal from room temperature up to 
the annealing temperature and the fre- 
quency of vibration used in each case was 
of the order of one cycle per second. When 
the internal friction was plotted as a func- 
tion of temperature of measurement, three 
internal friction peaks were found around 
the temperatures 20, 225 and 490°C, and 
in addition, three regions were found over 
which the internal friction varies with 
temperature. 

Experiments were then designed to 
analyze these relaxation phenomena sepa- 
rately with special emphasis placed on the 
three internal friction peaks. 

(x) It has been found that the 20°C 
peak is caused by the anelasticity associ- 
ated with the stress-induced preferential 
distribution of nitrogen atoms among the 
various interstitial positions in the solid 
solution of iron, an extensive study of 


| _' which had been previously made by Snoek. 
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The heat of activation associated with this 
relaxation for the case of nitrogen was 
determined by internal friction measure- 
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ments to be 20,000 cal per mol with an 
accuracy of within ro pct. 

(2) The 225°C peak which had been 
observed previously by Snoek and by West 
was found to be caused by the stress- 


induced diffusion of nitrogen atoms within 


some peculiar type of stress regions created 
in the specimen after it was subjected to 
cold-work. Although the mechanism of this 
diffusion is not understood, relaxation 
experiments indicated that the heat of 
activation for this diffusion is 32,000 cal 
per mol and the diffusion distance is of 
the order of a few atomic diameters. 

(3) The 490°C peak was found to be 
caused by the grain boundary relaxation 
in alpha-iron, and is similar to the grain 
boundary relaxation previously observed in 
the case of aluminum, magnesium and 
alpha-brass. The heat of activation asso- 
ciated with this relaxation was found to be 
85,000 cal per mol, which agrees, within 
experimental error, with the activation 
energy for self-diffusion in alpha-iron. 
Such an agreement in activation energies 
for grain boundary relaxation and for 
volume diffusion had been previously found 
in the case of alpha-brass and probably 
also in aluminum. This may indicate 
that the viscous slip along grain boundaries 
involves a process of volume diffusion or 
accelerated creep. 

(4) By plausible arguments the addi- 
tional relaxations observed in the tem- 
perature range from room temperature to 
the recrystallization temperature of the 
specimen were shown to be caused by the 
viscous behavior of the slip band material, 
and the relaxation at very high tempera- 
tures might probably be due to the im- 
perfections in the specimen created by 
cold-working which could not be removed 
even after the specimen was recrystallized. 
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DISCUSSION 
(G. Sachs and W. M. Baldwin, Jr. presiding) 


L. D. Jarre*—I want to compliment Dr. Ké 
on this valuable addition to our scant knowl- 
edge of anelastic phenomena and ask only two 
very minor questions. One is, if the two lower 
peaks are both associated with diffusion of 
nitrogen, why is it that the activation energies 
are different? If I recall correctly, you men- 
tioned for the first peak the energy was 20,000 
cal per g mol, and for the second about 32,000. 

T also want to ask whether you had actually 
tried carburizing the pure iron to make sure © 
that the peak attributable to carbon did not 
also coincide with the measured peaks that 
you observed, because, after all, we know 


* Watertown Arsenal, 


Watertown, Massa- 
chusetts. ‘ 
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that the carbon and nitrogen peaks are not 
very far apart. 


T’1nc-Su1 Kf (author’s reply)—The heats 
of activation are different in peaks A and C 
because the mechanisms of diffusion involved 
in these two peaks are different. 

I did not work with carbon. However, for 
peak A, the carbon peak is, according to Dr. 
Snoek, 20°C higher than the corresponding 
nitrogen peak and should thus be easily differ- 
entiable. For peak C, Dr. Dijkstra of our 
laboratory has carburized a specimen pre- 
viously purified from C and N and has found 
that the carbon peak is very unstable and is 
very much smaller than the corresponding 
nitrogen peak. 


J. L. Snorx*—Stress-induced preferential 
diffusion in cubic body centered metals in the 
annealed state provides us with a powerful tool 
for determining the mobility of interstitially 
solved atoms as well as their location in the 
lattice and the exact nature of the distortion 
brought about in the lattice by their presence. 

Calculations given by D. Polder*! show that 
the distortion of the lattice, besides being pro- 
portional to the applied stress P, is also propor- 
tional to 


VC 


where T, V and Co are the temperature, molar 
volume of the solvent and molar concentration 
of the solute respectively and « is a constant 
describing the mutual interaction energy of the 
dissolved particles. This calculation obviously 
is no longer valid if x is negative and the abso- 
lute value of «VCo surpasses that of RT. The 
lattice may then be expected to become tetrag- 
onal spontaneously. Such a _ spontaneous 
tetragonality seems to have been observed by 
W. Klemm and L. Grimm for the case of oxygen 
solved in vanadium. *? : 
Measurements of the internal friction in cold 
worked iron containing carbon or nitrogen 
should provide us with information on the 
mobility as well as the preferential location of 


* Philips’ Research Laboratories, N. V. 
Philips’ Glocilampenfabrieken, Eindhoven, 
Netherlands. 


31 References are at the end of the discussion. 
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these particles in the iron lattice in the cold 
worked state: The work by T’ing-Sui Ké is a val- 
uable contribution to this problem. The data 
obtained by T’ing Sui Ké and myself on cold 
worked samples of iron seem to indicate that 
carbon and nitrogen in these samples are found 
either in the normal (14, 0, 0) interstices or in 
a new preferential position created by the cold 
working. 

The latter positions in my opinion can hardly 
by anything else but the edges of the disloca- 
tions. The observed larger distances of diffusion 
might be explained by assuming that the car- 
bon atoms when freed from a certain dislocation 
by thermal agitation must diffuse over several 
atom distances before being caught in another 
dislocation. The theory however needs working 
out and no doubt will be much more compli- 
cated than the one valid for the annealed state. 


T’1nc-sur Ké (author’s reply)—It is highly 
encouraging to read the written discussion 
given by Dr. Snoek who initiated the theory of 
stress-induced preferential diffusion in cubic 
body centered metals in the annealed state. 
Since the presentation of this paper, the author 
has done more experimental work on this sub- 
ject which seems to be able to settle several of 
the points raised by Dr. Snoek. 

It has been found that such stress-induced 
preferential diffusion occurs also in the solid 
solutions of carbon,!! oxygen,'! and nitrogen** 
in tantalum which has a body centered cubic 
structure. Analysis of the shape of the observed 
internal friction peaks indicates that the inter- 
stitial atoms responsible for the observed peaks 
in tantalum are situated at the octahedral 
positions in the case of carbon and at both oc- 
tahedral and tetrahedral positions in the case of 
oxygen and nitrogen. 

The spontaneous tetragonity mentioned by 
Dr. Snoek has also been sought in the case of 
oxygen dissolved in tantalum. The result 
showed that the temperature at which such a 
spontaneous tetragonity might occur is close to 
absolute zero. Dr. Zener*4 has recently pointed 
out that the observation for the case of oxygen 
in tantalum may not be generalized to other 
similar solid solutions. This is apparently so if 
such a spontaneous tetragonity has been ob- 
served for the case of oxygen dissolved in 
vanadium. The answer to spontaneous tetra- 
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gonity should be in the affirmative if Dr. 33- T- S. Ké: Internal Friction and Precipita- 


settle this point. Solute Atoms. Phys. Rev. (1948), 745 
Sept. 15. 
REFERENCES 35. C. Zener: Kinetics of the Decomposition 
ae, f Austenite. TP 1925, Metals Tech., 

31. D. Polder: Philips’ Res. Rep. (1945) I, I. 4 s 
32. W. Klemm and L. Grimm: Ztsch, an. all. Jan. 1946; Trans. AIME (1946), 167, 
Chem. (1942-43) 250, 47. sae 


, 35 oe ie tion from the Solid Solution of N in 
Zener’s theory*® of tetragonal martensite is to Tantalum. Phys. Res. (1948), 74, Oct. 15. 


be upheld. More experiments are needed to 34. C. Zener: Theory of Strain Interaction of” 
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Testing Gun Steel and Other Alloys and Metals for Resistance to 
Surface Cracking 


By Ear. INGERSON* 


(Chicago Meeting, October 1947) 


Bore surfaces of used guns commonly 
show a pattern of cracks in various degrees 
of development. It has been suggested 
that these cracks may aid erosion by 
providing channelways for the gases, 
eventually leading to the tearing out. of 
blocks of metal. Under the general studies 
of gun erosion conducted at the Geo- 
physical Laboratory it appeared desirable 
to consider this factor, and to determine 
the resistance to surface cracking offered 
by gun steel and by various other materials 
that might be used in the bores of guns. 


METHOD AND APPARATUS 


In order to make such a determination 
it is necessary to have (1) an arrangement 
in which the surface to be studied can be 
subjected to conditions similar to those 
in a gun with respect to temperature, 
pressure (developed by explosion gases), 
composition of the gases and length of 
time the surface is exposed to the gases; 
and (2) a specimen that can be examined 
readily after any number of shots, and 
then fired again, if necessary. 

The first of these conditions can be 
met by using an explosion vessel designed 
by H.-S. Roberts of the Geophysical 
Laboratory. Fig 1 shows a cross-section 
of the apparatus. The ‘“‘gun” G from which 


Manuscript received at the office of the 
Institute Jan. 25, 1947; revision received Mar. 
3, 1947. Issued as TP 2223 in METALS TECH- 
NOLOGY, August 1947. 

The information described in this article was 
obtained under contract OEMsr-51. with the 
Office of Scientific Research and Development, 
under the supervision of the National Defense 
Research Committee. ; d ¢ 

* Geophysical Laboratory, Carnegie Insti- 
tution of Washington. 


477 


the charge is fired is made from the 
receiver of a caliber 0.30 .army rifle, 
Mro03, and the charges are prepared in 
caliber 0.30 cartridge cases. The test 
specimen S is held in place by a cone- 
shaped plug P and by a steel bridge B 
which is bolted to the outside of the 
explosion vessel on either side of the 
section shown. The plug,’ in turn, is 
held in place by a screw collar C. Maximum 
pressure is controlled by a brass rupture 
disk R. Part of the explosion gases flow 
past the two flat areas on S. 

Temperature and composition of gases, 
and the time before the rupture disk 
breaks, can be controlled by amount and 
kind of powder used, and pressure can 
be controlled by using rupture disks of 
different thickness. While the explosion 
vessel used was not designed so that tem- 
perature and pressure could be measured, 
in other vessels of closely similar size and 


‘shape containing proportionate charges 


of the same kind of powder as that used for 
standard testing procedure, values of 
2700°K and 50,000 psi were obtained. 
Since the orifices past the flat areas on 
the plug are small compared to the rupture 
disk hole (1:16), most of the gas goes 
out through the rupture disk when it 
breaks. The amount that goes by the 
plug depends on (1) the pressure attained 
before the rupture disk breaks and (2) the 
time it takes for this pressure to be built 
up. 

The second condition (examination at 
will after any firing) is met by using for 
specimens short rods that have flat areas 
ground on opposite sides. These flat 
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areas are readily examined and photo- 
graphed under a nietallographic microscope. 
The rods used in most of the tests herein 
described were 114-in. long, 34 g-in. diam 


Fic 1—CROss-SECTION OF THE EXPLOSION VESSEL USED. G, “GUN”; S, TEST SPECIMEN; P, 
CONE-SHAPED PLUG TO HOLD THE SPECIMEN; B, BRIDGE TO KEEP SPECIMEN IN PLUG DURING EX- 
PLOSION; C, SCREW COLLAR TO HOLD*PLUG IN WALL OF VESSEL; R, RUPTURE DISK. 


and had flat areas of such size that the 


total orifice area was equal to the cross-— 


sectional area of a hole 1(,-in. diam, with 
the area of one of the two orifices twice 
that of the other. When the rod is placed 
in the testing apparatus, the larger of the 
two areas is on the lower side of the rod. 
The hole in the plug that holds the rupture 
disk is 14-in. diam. 


Charge 


For a study of surface cracking the 
charge used should be such as to produce 
the following two conditions. (1) The 
temperature-time relation should be such 
that little or no melting of gun steel or 
similar materials occurs. (2) Conditions 
should be severe enough that cracking 
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begins in a few rounds so that a given 

material can be tested in a short time. 
Various quantities of different kinds 

of powders were tried with rupture disks 


of different thicknesses. A “standard 
shot” of 2.5 g of pistol powder with 1/¢-in. 
rupture disk was adopted for the tests. 
Pistol powder gives a comparatively low 
flame temperature (2850°K) and burns 
very rapidly, only o.2 millisec being 
required for the pressure to build from 
20 pct to 80 pet of the maximum. With 
this charge melting of the surface does 
not occur, but materials similar to gun 
steel begin to crack after a few rounds. 
With the manner of firing determined, 
it is still necessary to set up a standard 
procedure for comparing the resistance of 
various materials to cracking. There are — 
two obvious methods: (1) To continue 
firing until some predetermined state of 
cracking is attained and let the number of © 


. 
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rounds required to develop the cracking 
be a measure of the resistance of the 
material. (2) To fire a standard number of 
rounds and compare the amounts of 
cracking developed on various materials 
and rate them accordingly. 

There are advantages and disadvantages 
to either method. The first one would give 
a better quantitative result, or at least a 
more definite method of expressing it. 
However, it is much more time consuming, 
because a specimen has to be cleaned and 
examined after each shot, or at any rate 
after a given number of shots, if an ad- 
vanced degree of cracking is selected as a 
standard. Moreover, this cleaning after 
each round affects the cracking markedly. 
For example, after four shots, without 
cleaning the rod, cold-rolled steel shows 
a fairly well integrated crack pattern. 
However, if a rod of the same material 
is cleaned after each of four shots, it is 
difficult to find any cracks at all. 

Under “standard conditions” of 2.5 g of 
pistol powder and 14¢-in. rupture disk, 
gun steel (SAE 4140) is noticeably cracked 
after 4 rounds, Fig 2.* Different specimens 
of the same material are cracked essentially 
the same amount by the same number of 
rounds. Four rounds can be fired in 
4 min., thus providing a rapid test for 
materials which, in their resistance to 
cracking, are similar to gun steel. A 
“standard procedure” of firing four rounds 
with 2.5 g of pistol powder’and }{¢-in. 
rupture disks, and then polishing and 
examining the specimen was adopted. 

By using this procedure, materials 
can readily be divided into three groups, 


* All micrographs were taken after the 
coatings had been removed and the surfaces 
had been polished. Where the surface was 
etched after polishing, that fact is stated in the 
individual legends. ' 

In all the micrographs, except the cross- 
section of Fig 27, gas motion was toward the 
top of the page; that is, away from the reader. 

Where powder and rupture disk are not 
specified, the ‘‘standard shot”’ of 2.5 gram of 
pistol powder and a }4.-in. rupture disk were 


used, 
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(1) those that are badly cracked over a 
large part of the surfaces in the plug after 
four rounds, (2) those that behave roughly 
the same as gun steel, and (3) those that 


X 250. 


show little or no cracking after four rounds 
and are therefore better than gun steel 
with respect to this particular property. 

To classify materials with high resist- 
ance more accurately, or for special 
studies—such as observing the mechanism 
of erosion under these conditions—it 
may be necessary to fire many times the 
standard 4-round series. 

After a series of rounds has been fired, 
the rod is put on a polishing lap with 
levigated alumina for 5 to 10 sec. A 
“series” begins as a four shot series, but 
for very resistant materials the number of 
shots in a series may be increased as 
desired to save unnecessary examinations 
of surfaces that erode slowly. This polishing 
removes the fouling, as well as thin gray 
coating, which has not been definitely 
identified but appears to be oxide, without 
taking off a significant amount of the 
metal. 


RESULTS OF TESTS 


No systematic or comprehensive series 
of tests has been undertaken, but several 
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TABLE 1—Tests of Resistance of Metals to Surface Cracking 


Material Shots Results and Remarks Figures 


————————————————————_———— ee 


28 pct Cr steel........-.---- 4 | Very many intracrystalline cracks even after one shot. More 
, after 2, then not much more change. 
4.85 pct Si transformer steel. . 2 Intercrystalline cracks well developed. 
6 Many inter- and intracrystalline cracks. 
4024 austenitic steel......... 4 | Intercrystalline cracks. 
Nickel 5 hi.o' tae yaeene lores teat 4 | Intercrystalline cracks. 
8 Intercrystalline cracks. 
Gunsteel ie. 2c% Eek fies = ae 2 | Cracks just beginning. 
4 | Well-integrated heat-check pattern. 
20 Edges of cracks being torn away. 
85 Original surface largely destroyed near notch. 
Drill cod, asta etecule lew missed Be 4 Moderately-integrated heat-check pattern. 
8 | Well-integrated heat-check pattern. 


24 | Edges of many cracks torn away. 
54 | Most of the cracks widening. 
Cold-rolled steel............- 2 | Heat checks just beginning. 
6 | Well-integrated heat-check pattern. 
24 | Edges of many cracks torn away. 
54 | Individual cracks followed through previous series of shots 
now largely obliterated. 7 


Armco Iron... so. sks wees 4 | Moderate amount of heat checking. 

Copper ned asin stil ieee le 4, No cracks; surface ‘‘ripple marked.”’ 

Clive mess 3 58 fe SA ete la 4 No heat checking, but rod was so brittle that it shattered and 
no further shots were possible. 

Molybdenum..........-.-.- 60 | No heat checking. Slight pitting, but no important erosion, 
because shallow original tool marks still remain. 

"Laritaliyin ics s oejalerh a eee ae? 6 | No heat checks, but a few small cracks developed parallel to 
the axis of the rod. 

50 pet Molybdenum......... 4 | No heat checks; broke up much as chromium did. 


50 pct Tungsten 


oe  ——————————————— 


TABLE 2—Compositions of Alloys 


ae La SU EEEE EE SSSESEEET SUSESSSESSET SaeeEEET 


Alloy Cc P S Si Cr Ni}! Corr ias Al Mn N 
28 pct Cr Steel!................] 0.13 0.30 | 27.71 . : 
Transformer steel!............ 0.05 | 0.006 | 0.01 4.85 bs Ghee at 
40243. eee reece eee eee eens 1.59 | 19.0 731.37 U2X.a 10,2470 0 
ae per 38 cal gun steel....... SAE 4140 
Till TOMS een 5 creas SAE 1060 
Cold rolled steel®...........s045 No analysis available 


1 Furnished by U.S. Steel Research Laboratory. 
2 Furnished by Westinghouse. 
s Furnished by Geophysical Laboratory. 


TABLE 3—Microstructures of Metals and Alloys Used 


Material Treatment Original Microstructure 
28 pct Cr steel............-.08 Ferrite with small amounts of tenit 
High silicon transformer steel. . .}| Heat-treated Coens, ferrite with a precipitated. bags at grain 

otundaries 
BOMA eg sa icles vee ri eieieleieisiene elelaies Probably annealed | Austenitic; small am i 
INIDWEN ates « cacclakeiste.» ayasnieavets Cold-worked Distorted grains emote eS Cee 
ier steel Se wt rth Sorbitic ‘ 
ro pheroidize Spheroidized carbides in ferrite matri 
Cold-rolled steel. . .| Cold-rolled Ferrite and pearlite in stringers aie! 
Armco iron .| Annealed Ferrite 
Copper. Cold-rolled Distorted grains 
Ghirorstitn: savinscs mei) «cee soctehe Me Be ates BA at | Annealed grain boundaries; spheroidized inclusions 
in He 
Molybdenum sis ic'.ciestais «6 erebeietere Hot-rolled Elongate grains 
TTANtA LUM «ess aims olen» <cecn ccs Cold drawn and Flonuate eruiny 
hardened 


a 
. 
\ 


EARL INGERSON 481 


Pie ae Fie 4. 
Fic 3— COARSE CRACKS ON THE SURFACE OF A ROD OF GUN STEEL AFTER 20 ROUNDS. THESE 
“CRACKS FORMED outside OF THE PLUG, WHICH MEANS THAT THIS PART OF THE ROD WAS ENTIRELY 


OUT OF THE EXPLOSION CHAMBER. X 250. = | 
Fic 4—SAME ROD AS THAT OF FIG 3, BUT AFTER 85 SHOTS, SHOWING BOTH TYPES OF CRACKING. 
a2 508 


Fic 5. Fic 6. 

Fic 5—COaRSE CRACKING OF MELTED SURFACE ON A ROD OF COLD-ROLLED STEEL AFTER A SHOT 
WITH 2.0 GRAM OF A SINGLE BASE POWDER WHEN THE RUPTURE DISK FAILED TO GO. X 100. 

2 Fic 6—EDGE OF CRACKED AREA ON A ROD OF GUN STEEL AFTER 4 ROUNDS. ETCHED 2 SEC WITH 

~ HCl + picric ACID TO BRING OUT ORIGINAL AUSTENITE GRAIN BOUNDARIES (LEFT). NOTE DIFFER- 

ENT SIZE AND SHAPE OF GRAINS AND POLYGONS ENCLOSED BY CRACKS. X 250. 
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kinds of materials have been tried, as 
summarized in Table 1 where reference 
is also made to the photographs that 
illustrate the results. Compositions of the 
alloys are given in Table 2 and a summary 
of previous treatment and microstructures 
in Table 3. The samples were obtained 
under the contract for testing and no 
details of previous history are known 
except those recorded in the table. 


‘ 


KInps OF CRACKING 


In studying the rods of various materials 
at least three general types of cracks were 
observed: heat checking, coarse cracking, 
and post-fusion cracks. 


Heat Checking 


When gun steel and other steels closely 
related in composition are treated as 
outlined above, the first cracks to appear 
are very similar to the “heat checking” 
prevalent in eroded guns. These cracks 
appear first where the hot gases enter the 
plug. This point is referred to as the 
“notch” because the hot gases almost 
invariably cut little notches in the edges 
of the flat areas of the rods where they 
enter the plug. As firing is continued the 
cracks work their way progressively down- 
stream on the flat surfaces of the rod. 
Fig 2 shows typical heat checking on 
gun steel. The distance between these 
cracks averages about 0.03 mm. In cross 
section the cracks that show up are at an 
average spacing of about 0.045 mm. These 
values are of the same order of magnitude 
as those reported by Kosting! (0.076 mm) 
for a warn out 37-mm Browning automatic 
gun Mz. and by Kosting and Peterson? 
(0.066, mm) for a worn out 37-mm gun 
MrAz. ‘Fig 7 shows such cracks on drill 
rod. The random pattern of these cracks 


1P, R, Kosting: 37-mm Browning automatic 
gun Mr, No. 1 barrel. Watertown Arsenal 
Report No. 731/45 (Oct. NH I940). 
2p, R. Kosting and . Peterson: 37-mm 
gun MrA2, No. 109, a atarthan Arsenal 
Report No. 731/59 (May 29, 1942). 
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indicates that they are probably inde- 
This is 


pendent of grain boundaries. 
borne out by a study of etched specimens, 
Fig 8. 
Coarse Cracking 
Another type of cracking has been 
observed which develops very readily 


in brittle materials and appears eventually | 


even in materials like gun steel. This 
type of cracking is not confined to the 
area near the notch where the heat checks 
begin. In fact, on some materials (for 
example, gun steel) these cracks start 
near the exit and do not overlap the area of 
heat checks until many rounds have been 
fired. On gun steel they are not observed 
until some 20 rounds have been fired, 


whereas on brittle materials they may be — 


quite prominent after one round. These 
cracks are of a larger order of magnitude 
than the typical heat checks. From their 
size and arrangement they were at first 


called “‘intercrystalline cracks,” but study — 


of etched surfaces of various materials 
showed that they are by no means always 
intercrystalline. 

Fig 3 is from a gun-steel rod after the 
firing of 20 rounds. It is from near the 
downstream end of the plug and shows 
these cracks in the area where they first 


appear in gun steel, away from the heat | 


checks. Near the center of the rod these 
larger cracks and the heat checking occur 
in the same area. Fig 4 shows this overlap 
of the two types on the same rod from 
which Fig 3 was taken, after 85 rounds. 
Other materials, for instance, nickel, 
chromium, austenitic steels and high silicon 


steels, show as much of this coarser crack-— | 


ing after 1 to 8 rounds as gun steel shows 
after 20 to 30 rounds. Fig 11 shows this 
type of cracking in nickel after 8 rounds. 
Fig 14 shows it in high-silicon (4.85 pct) 
transformer steel after 6 rounds. Fig 9 


is an austenitic steel (4024) after 4 rounds. 


High chromium stainless steel shows a 
similar cracking, but with a different 
pattern (Fig 13). 


: 


| 
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The physical separation and the quite 
different appearance of the two sets of 
cracks lead naturally to the supposition 


that they have separate causes. It is 
possible that the heat checking is due to 
rapid heating and cooling of the surface 
4 layers, while the other type of cracking is 
- brought about by mechanical shock. This 
“suggestion is upheld by the observation 
that the surface is considerably altered 


where it heat-checks, but shows no change 
other than the cracking in the area where 
the coarser cracks are developed. 


Fic 7—DRILL ROD AFTER 4 CONSECUTIVE SHOTS. POLISHED, BUT NOT ETCHED. X 250 
Fic 8—SAME FIELD AS FIG 7, AFTER 10-SEC ETCH IN FeCl; + HCl. X 250. 
: Frc 9—COARSE CRACKING ON AUSTENITIC STEEL (4024) AFTER 4 SHOTS. POLISHED, BUT NOT 
a ETCHED. X 250. 
- Fic 10—SAME FIELD AS FIG 9 AFTER I0-SEC ETCH WITH HCl + picric AcID. SHOWS CRACKING 
j ‘ TO BE ENTIRELY INTERCRYSTALLINE. X 250. : 


Post-fusion Cracks 


A third type of cracking develops when 
heating of the surface is more ‘intense, 
as when a double-base powder is used, 
or when a rupture disk fails to break and 
part of the surface of the rod actually 
melts. As it cools rapidly and contracts, 


Sy 
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a crack pattern develops which resembles 
the pattern that is formed when mud 
cracks upon drying. Fig 5 shows this 
type of cracking at the end of the tongue 
formed on cold-rolled steel with 2.0 g 
of a single-base powder when a rupture 
disk failed to function. These cracks 
resemble heat checks, but the pattern 
is much coarser, the individual polygons 
being two or three times the diameter 
of those of typical heat checking. They 
are found only on the tongues where 
the surface has been melted. Post-fusion 
cracking is encountered in erosion plugs 
where melting occurs during each round 
fired, but it is not important in the experi- 
ments under discussion. 


RELATION OF CRACKS TO GRAIN 
BOUNDARIES 


Different kinds of cracks in various 
kinds of materials show quite different 
relations to the grain boundaries. On 
some of the materials tested it is difficult 
to observe the relation between cracks and 
grain boundaries, because in the cracked 
areas some change has occurred in the 
surface layer so that etching fails to 
bring out the grain boundaries clearly. 
Gun steel and soft iron both fall in this 
category. 

Fig 6 is from a rod of gun steel etched 
to bring out the boundaries of the original 
austenite grains. Some of the boundaries 
are visible in the left part of the picture, 
but they are missing completely in the 
cracked area to the right. Although 
cracks and grain boundaries are not 
visible in the same area, it is evident 
from the size and shape of the grains that 
the cracks are not controlled by the 
austenite boundaries. Cracked gun steel 
was etched to bring out the needles of 
martensite and it was studied carefully 
under higher magnifications, but no more 
consistent relationship between martensite 
needles and cracks could be determined 


eel rae 


than between cracks and austenite grain 
boundaries. 

Soft Armco iron showed a pattern 
not unlike that of gun steel. Study of 
etched specimens failed to show any 
correlation between cracks and the bound- 
aries of the ferrite grains. : 

Fig 17 shows cracking on a rod of cold- 
rolled steel at four rounds after etching. 
The elongate clear grains were pearlite 
before firing took place. During firing 
the carbide is dissolved and martensite 
forms because very rapid cooling takes 
place immediately. Here, again, the cracks 
are not for the most part along grain 
boundaries. They are related to the kind 
of grains, however, and are mostly in the 
ferrite ‘“groundmass,” comparatively few 
cracks occurring in, or crossing, the pearlite 
grains. 

Drill rod shows very much the same 
relations as cold-rolled steel. Fig 7 is 
from drill rod after four rounds, and Fig 8 © 
is of the same area after etching. The clear, 
elongate areas were pearlite before firing. : 
Again, most of the cracks are in the ferrite 
groundmass. 

The coarse cracks are more definitely 
related to grains and grain boundaries 
than the heat checks in any material 
thus far studied. In an austenitic steel 
(4024) these cracks are entirely inter- 
crystalline. Fig 9 is from a rod of this’ 
material after 4 rounds, and Fig 1o pictures 
the same area after etching. Nickel shows _ 
these intercrystalline cracks even *better. 
Fig 11 is from a nickel rod after eight 
rounds, and Fig 12 is the same area after 
etching to bring out the grain boundaries. _ 

In a_high-chromium, stainless steel — 
(28 pct Cr) the cracks are almost entirely — 
intracrystalline. Fig 13 is from a rod of 
this material after four rounds, and then 
polished and etched to bring out the 
grain boundaries. Few, if any, of a | 
cracks cross grain boundaries. 

A high-silicon (4.85 pct Si) transformers 
steel shows a behavior interniediate be- 
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tween that of nickel and of the 28 pct others “dead end” within grains. Some 
chromium steel. In cther words, roughly follow grain boundaries for part of the 
half of the cracks are intercrystalline and __ width of a grain and leave at a low angle. 


& geet, ie eae? : 


Fic 11—NIcKEL AFTER 8 SHOTS. POLISHED, BUT NOT ETCHED. X 250. 
Fic 12—-SAME FIELD AS Fic 11 AFTER I0-SEC ETCH WITH MIXTURE OF 50 PCT CONCENTRATED 
HINO; AND 50 PCT GLACIAL ACETIC ACID. ALL CRACKS FOLLOW GRAIN BOUNDARIES. X 250. 
Fic 14—HIGH-SILICON STEEL (4.85 PCT) AFTER 6 SHOTS. POLISHED, BUT NOT ETCHED. X 100. 

Fic 15—ANOTHER FIELD FROM NEAR THE ONE SHOWN IN Fic 14, AFTER ETCH WITH NITAL 
TO BRING OUT THE GRAIN BOUNDARIES. PART OF THE CRACKS FOLLOW GRAIN BOUNDARIES, PART 


CUT GRAINS. X 100. 


= : A 


half intracrystalline. Fig 14 is from a rod A piece of a very similar alloy made 
of this material after six shots. Fig 15 by the United States Steel Corporation 
shows a near-by area after etching to with 4.7 pet Si and measuring 1 in. in 
bring out the grain boundaries. Many of diameter by about 7 in. long was sent 
the cracks are. intercrystalline. Others by Dr. Posnjak of the Geophysical Labora- 
cut all the way through grains and still tory to the Franklin Institute where it 
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was made into a short liner and subjected 
to the accelerated erosion testing. The 
liner was badly shattered in the first 
few rounds. This behavior was to be 


Fic 13—HIGH CHROMIUM STAINLESS STEEL 
AFTER 4 SHOTS. POLISHED AND ETCHED 25 SEC 
witH HCl + HNO; + GLYCERINE. X 250. 


expected from the extreme cracking of the 
test rod after only two rounds. 

The post-fusion cracks are like the heat 
checks in that they are independent of 
grain boundaries. These cracks are un- 
important in the present investigation 
and no photographs of etched surfaces 
were taken. 


EXPLANATION OF THE HEAT CHECKING 


It has been suggested above that the 
intercrystalline and intracrystalline cracks 
may result from mechanical shock, whereas 
the heat checks are caused by rapid heating 
and cooling of the surface. This is not the 
complete explanation, however. The sur- 
face is changed’ during firing. The first 
evidence of change is a peculiar “mottling” 
of the polished surface that on gun steel 
always precedes the development of heat 
checks. 

By the time an area has become well 
checked the mottling has disappeared 

and the relation of cracks to mottle 
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pattern cannot be observed. Immediately 
downstream from a_ well-checked area, — 
however, a few small cracks sometimes 
appear in an area that still shows mottling. 


Fic 


16—CROSS-SECTION 
STEEL NEAR THE NOTCH AFTER 85 ROUNDS. 
ETCHED TO SHOW ALTERED LAYER. X 250. 


OF ROD OF GUN 


There is no apparent relation between the 
two patterns. The mottling may be a 
mechanical etching that makes the mar- 
tensite needles stand out. This is suggested 
by a careful study of the mottled area 
on a rod of gun steel, after etching so as 
to bring out the martensite pattern. The 
lines of mottling appear to be simply the 
more prominent martensite needles, or 
possibly plates of cementite. : 

Continued firing causes the mottling 
to disappear as heat checking develops. 
In gun steel the martensite needles dis- — 
appear and the surface becomes uniform 
between cracks (Fig 6). At first this was — 
interpreted as decarburization. This inter- 
pretation was favored by a study of cross- 
sections of gun-steel rods, which showed a 
progressive decrease in carbide particles 
until at the very surface the material 
appeared homogeneous and. developed 
no pattern on etching. Fig 16 shows the 
altered layer at the surface of gun steel 
after 85 rounds. Note that the cracks go 
through the altered layer into the un-— 
altered steel. 3 

Study of other types of steel shows that 
this disappearance of carbide’ particles 
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results from reabsorption rather than 
from decarburization. In drill rod and 


~ cold-rolled steel, for example, where the 


carbide is in plates in pearlite grains, the 
behavior is quite different. Fig 17 is from 
cold-rolled steel after four shots, etched 
with a reagent to bring out the structure. 
Pearlite shows up unaltered outside of the 
heat-affected ‘‘tongue”’ (the right side 
of each picture), but on the tongue (left 
side) the carbide has been reabsorbed. 
If it were decarburization, then all of the 
grains would be ferrite and the surface 
would be more or less uniform. The grains 
that were pearlite retain their carbon 
because they maintain their identity, 


“have a decidedly different luster, stand 


above the ferrite grains on polishing, and 
when cracks appear they develop differ- 
ently in the two kinds of grains. Also, 
just at the edge of the tongue the carbide 
of the pearlite grains is spheroidized. 
From these considerations it is evident 
that the change in the surface of gun 
steel is also reabsorption. The difference 
in appearance results from the fact that 
the carbide particles in the gun steel 


- are so much more uniformly distributed 


that when they are reabsorbed the result- 
ing surface appears homogeneous, even if 
it is not entirely so. 


Whether there is a direct relation 


between the alteration of the surface 


and heat checking has not been definitely 
established. It is quite possible that both 
phenomena are functions of the heating 
of the surface, but that there is no causal 
relation between them. There is meager 


indirect evidence that such is the case. 


It has been previously pointed out that 
the cracking is not confined to the altered 
layer. Then, in pure iron in which reab- 
sorption cannot play a part, the same kind 
of cracks develop. Theories that heat 
checking is caused by a change of phase, 
or an alteration of the surface, must at 
least for the present remain, theories.. 

The crack pattern sometimes shows a 
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definite relation to the long axis of the 
rods. In tantalum, for example, the only 
cracks formed near the edge of the rod 
and parallel to its long axis. In soft iron 


ss we a Be: ya ped ae sk 
_ Fic 17—EDGE OF ALTERED AREA ON ROD 
OF COLD-ROLLED STEEL AFTER 4 SHOTS. ErcHED 
20 SEC WITH NITAL TO SHOW REABSORPTION 
OF CARBIDE IN PEARLITE GRAINS. X 250. 
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the most prominent cracks showed the 
same relation. One specimen of drill rod 
showed a prominent system of cracks 
normal to the axis of the rod. One rod of 
gun steel, the axis of which was parallel 
to the axis of the gun, developed a promi- 
nent crack system forming an angle of 
45° with the rod axis. 

Sometimes the cracks appear to be 
initiated by pits on the surface that are 
formed by solid material in the powder 
gases striking the surface. In soft iron, 
for example, almost all of the cracks 
radiate from such pits. 


MECHANISM OF EROSION IN THESE TEST 
SPECIMENS 


There is good evidence that the surface 
of a test rod does not melt with the 
“standard” charge of pistol powder. 
In the first place, when double-base 
powder is used, or the rupture disk fails 
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to break, the whole surface within the 
plug, or at least a considerable part of 
it is ‘wiped off”? and moves downstream, 
and a little ridge of metal is piled up at the 
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end of the ‘‘tongue” thus formed (Fig 5). 
Original grain boundaries are obscured 
and irregularities in the surface are 
covered over. Each shot destroys the 
crack pattern produced by the preceding 
shot and a new pattern is formed on the 
freshly melted surface. 

With the “standard” shots, however, 
no such melted tongue is formed. The 
absence of melting even on a smaller 
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scale in the restricted area where the 
heat checks occur is indicated by the 
fact that during a long series of shots 
the individual cracks can be studied after 


Fic 18—COLD-ROLLED STEEL AFTER 
24 SHOTS. MANY EDGES BEGIN TO GO, 
ESPECIALLY IN LOWER LEFT PART OF 
PICTURE. THIS AREA IS IMMEDIATELY, 
DOWNSTREAM FROM THE LEFT-HAND 
NOTCH. X 100. 

Fic 19—GUN STEEL AFTER 20 SHOTS. 
EDGES OF CRACKS BEING TORN AWAY. 
X 250. 

Fic 20—GUN STEEL AFTER 85 SHOTS. 
ORIGINAL SURFACE LARGELY DESTROYED 
NEAR NOTCH. X 250. 


each shot, or series of shots, and no 
indication can be found that even the 
smallest ones are covered over by a layer 
of melted material, or that there is any 
melting of the edges of the cracks. After 
long-continued firing the edges become 
rounded, of course, but this appears to be 
the result of gas abrasion (probably with 


hn ay oe 


the aid of solid particles in the gas) and — 


breaking of the sharp edges, rather than 
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of melting (Figs 18 to 20). Each crack 
develops progressively and can be followed 
through a long series of shots. 

Figs 19 and 20 show advanced erosion 
in gun steel. Fig 19 shows how the edges 
of the cracks begin to tear away after 
20 rounds; Fig 20 shows the surface well 
eroded after 85 rounds. 

It is possible that this kind of erosion 
is more nearly like that which takes place 
in most guns than that found in those 
erosion plug experiments which involve 
melting of a surface layer. The test method 
described herein has the drawback of 
requiring many more rounds than are 
necessary with an erosion plug, but for 
some types of tests it is probably worth 
the extra time involved. Erosion per 
round increases with increasing number 
of rounds. 


DISCUSSION 


E. A. Lorta*—The method of testing gun 
steel for resistance to surface cracking de- 
scribed in this paper was restricted to the 
examination of small, rod-shaped specimens. 
The writer would like to point out the im- 
portance of other factors in producing defects 
in forged and bored gun tubes which would not 
be apparent in this investigation because of the 
nature of the test. Actual section size would 
accentuate the possibility of internal wall 
(bore) defects arising from unequal expansion 
between the internal and external wall sur- 
faces on firing, resulting in internal tearing. 
Checks and tears on the inside walls arise from 
internal tensions and nonuniformity on cooling, 
but the internal tearing can be reduced by 
using alloys of low expansion and of good ther- 
~ mal conductivity so as to reduce the difference 
between the outer and inner wall surfaces. 
Also, the possibility of the location of inclusion 
segregates within a machined gun tube becomes 
more likely than in a small test specimen. The 
effect of these nonmetallics on gun life and 
performance is evident when one realizes that 
the inclusions are soft yet brittle. They reduce 
the amount of plastic deformation which can 
take place before cohesive failure occurs. Once 
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localized fracture has occurred at the position 
of a chain of these inclusions, a sharp notch 
(crack) is formed which produces stress condi- 
tions more favorable to cohesive failure than to 
plastic deformation. These cracks aid erosion 
by providing channelways for the explosive 
gases, eventually leading to the tearing out or 
spalling of blocks of metal. 

Oxidation of the surface may be partly re- 
sponsible for the change in ‘the surface of gun 
steel during firing observed by the author. The 
appearance of burn on the surface is an indica- 
tion that high temperatures were reached on 
firing, resulting in a slight oxidation of the 
surface. Since the color of the oxidized film 
depends on both temperature and time, a 
higher temperature is required for a given color 
to form when it is caused by explosive heat, 
which acts for only an extremely short time at a 
given spot, than when it is caused by ordinary 
tempering. The cross-section of the gun steel 
specimen, Fig 16, illustrates that the repeated 
firing temperatures were high enough to cause 
some softening of the surface region, resulting 
in the well-known phenomenon of soft skin. 
This softening is one form of what may be 
conveniently termed metallurgical burn, to dis- 
tinguish it from visible burn arising from sur- 
face oxidation. 

Fig 3 and 4 show an interesting sequence in 
crack propagation. After continued firing, the 
increased severity of cracking leads to a branch- 
ing of some of the cracks such as can be seen in 
Fig 4. When the branching is frequent enough, 
the cracks begin to form an irregular network 
in which the most pronounced (primary) 
cracks remain more or less in the grain boundar- 
ies. After a further series of rounds have been 
fired, the network is likely to become a regular 
one having the cracks both perpendicular and 
parallel to the grains. This can be considered 
to be a second type of crack pattern but no 
sharp dividing line can be drawn between it and 
the first type of crack pattern since one type 
gradually merges into the other. 


Eart Incerson (author’s reply)—It was 
realized that tests on the small rods did not 
simulate conditions in guns closely enough for 
this method to serve as a final test. It was used 
in a preliminary rating and the materials that 
showed up well in this test were made into gun 
barrels and/or liners for final testing. 


Wear Tests on Grinding Balls 


By T. E. Norman,* Junton Memper, Anp C. M. Logs, Jr., MemBeR AIME 


(New York Meeting February 1948) 


Tue use of ball, rod and tube mills for 
grinding ore, cement and other materials 
has grown so rapidly during the past forty 
years that the world’s annual consumption 
of ferrous grinding media for these mills is 
now estimated to be between one half mil- 
lion and one million tons per year. Ferrous 
grinding balls constitute the major portion 
of this tonnage. Obviously they represent 
sufficient value to justify thorough studies 
of the factors governing their performance. 

The selection of grinding balls is gov- 
erned principally by: 1. Quality (wear re- 
sistance, impact resistance, soundness, and 
the like). 2. Sources of supply and delivered 
cost. 3. Grinding characteristics or eff- 
ciency in the ball mill. This paper deals 
principally with the quality of ferrous 
grinding balls. In the study of these factors 
certain data relative to the fundamental 
nature of ball wear in ball mills have been 
obtained. These data are also presented and 
discussed briefly. 


THE DEVELOPMENT OF A SUITABLE WEAR 
TEST 


A study of the fundamental factors goy- 
erning the quality of grinding balls has 
been hampered seriously by the fact that a 
competent test has, in the past, involved 
the purchase of several hundred tons of 
balls of a specific type which were then run 
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in one or more ball mills for a period rang- 
ing from several months’ to several years’ 
duration. Often, during the period of test, 
it became necessary to change operating 
conditions or the character of the ore fed 
to the test mill with the result that the rate 
of ball consumption changed and the test 
figures became of little value. Under such 
circumstances, progress in the development 
of better grinding balls, has been neces- 
sarily slow. 

Economic factors and variations in the 
quality of balls produced by different 
sources of supply generally make it neces- 
sary for each mill operator to determine for. 
himself the most suitable type of balls for 
his mills. In our own ball mill grinding oper- 
ations at Climax, Colo., we were faced with 
this problem. After we had run a few large 
scale wear tests at considerable expense we 
decided to investigate the possibilities of a 
smal] scale wear test which would be capa- 
ble of testing numerous types of balls 
within a relatively short time. 

The most important requirement of any | 
test is, of course, that it give results which 
can be used to predict accurately the wear 
in full scale operations. It was known that 
Ellis and his associates!,? had developed a 
method of testing grinding balls by small 
scale tests rtin at the Ontario Research 
Foundation. Ellis’ method of testing was_ 
used as a starting point in our investiga- 
tions. In the course of our tests a number of 
modifications of the original method were 
found to be desirable so that, by an evolu- 
tionary procedure, a method of small scale 


1 References are at the end of the paper. 


y ; 


T. E. NORMAN AND C. M. LOEB, JR. 4g1I 


testing has been developed which we be- 


lieve makes possible an accurate estimation 
of the wear in full scale operations. 
Our first small scale tests were run at the 
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The balls tested were, in most cases, nom- 
inally 3 in. in diam. 

Our preliminary tests differed from Ellis’ 
method principally in the matter of dimen- 
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Fic 1—FLOWSHEET OF WEAR TESTS AT GOLDEN. 


Colorado School of Mines State Experi- 
mental Plant in Golden, Colo. These were 
run in a Marcy ball mill approximately 
_ 3 ft id by 2 ft long, lined with ship-lap steel 
liners and equipped with.a discharge grate 


which could be adjusted by means of dia- 
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_ phragm rings to discharge the ground pulp 


at various levels. The discharge could also 


‘be sealed for batch grinding tests. Fig 1 


illustrates the arrangement used for the 


- test when operating on open circuit grind- 


ing with a continuous feed and discharge. 
This arrangement was used for most of our 
preliminary tests though in a few cases it 


_ was found desirable to run a series of batch 
tests for the study of certain variables. 


Abrasives used in the tests were crushed 
Climax ore, a river sand very similar in 
abrasive characteristics to Climax ore, 


‘commercially pure crushed feldspar and a 
relatively pure type of crushed calcite. 


sions. We used balls 3 in. in diam in a mill 
3 ft in diam where Ellis, in most of his tests, 
used balls 1 in. in diam in a mill 1 ft in 
diam or smaller. 

Our tests in the 3-ft mill were found to be 
useful for preliminary testing or for the 
study of certain fundamental factors af- 
fecting ball wear. Usually the order of merit 
of a series of balls could be quite well estab- 
lished in such: tests. The test was found, 
however, to have certain limitations. For 
instance, the impact conditions in the 3 ft 
mill did not duplicate those in our large 
9 ft diam mills at Climax. Also, the spread 
in relative wear resistance between a good 
and a poor type of ball was generally differ- 
ent from that obtained in our larger mills 
at Climax, or in the mills at other mining 
operations. 

Ellis! has demonstrated that the char- 
acter of the abrasive has a marked influence 
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on the relative wear resistance of various 
types of balls. This was confirmed in our 
preliminary tests. Ordinarily the hard 
abrasives such as quartz give a relatively 
small spread while the softer abrasives, 
such as feldspar and calcite, tend to produce 
a relatively large spread between the wear 
resistance of a good and a poor type of ball. 

Because of the foregoing limitations of 
the tests in the 3 ft mill, a new testing 
technique was developed whereby many 
types of balls could be tested on a small 
scale in a commercial mill without seriously 
interfering with its regular operation. Re- 
sults of such tests, when comparisons have 
been available, show excellent agreement 
with large scale tests made in the same mills 
where only one composition was used for 
the entire ball charge. 


DETAILED PROCEDURE FOR RUNNING WEAR 
TrEsTs IN COMMERCIAL MILLS 


The technique used in running our wear 
tests, in its final stage of evolution, was as 
follows: 

1. Aseries of groups of balls was selected 
with the balls in each group representing 
steel or iron of a specific type and treat- 
ment. A “group” usually consisted of from 
5 to 15 balls. Our tests have indicated that 
if all the balls in any group are similar each 
ball will show, within the limits of experi- 
mental error, exactly the same weight loss 
_ per unit of area. There was very little ad- 
vantage to be gained therefore from the use 
of large groups. One group of balls in each 
series was of the type used as a standard for 
comparison. 

2. The balls in each group were marked 
with a distinctive mark, such as one or two 
notches or drilled holes or a combination of 
a notch and a drilled hole. Where two 
notches or drilled holes and notches were 
used on a ball, they were placed at definite 
angular distances from each other on the 
ball surface. Generally the marks were 
about 14 in. deep with the holes 14 in. diam 
and the notches 14. or )¥ in. wide by 1 in. 
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long. The notches were cut with a small 
abrasive cut-off wheel. 

Comparative tests have indicated that 
the one or two notches or holes placed in 
these test balls produced no measurable dif- 
ference in rate of wear except in cases 
where spalling occurred at the edge of the 
notches. Where spalling did occur, it was 
generally of such a nature that the weight 
loss due to this spalling could be estimated 
and the necessary corrections made to 
determine the weight loss caused by wear 
alone. ; 

3. After marking, the surface defects 
such as scaling and decarburization were 
removed from the test balls by a ‘‘ wear-in” 
in a small ball mill for a sufficient time to 
remove metal to a depth of at least 0.040 in. 
below the original surface of the ball. 

4. Where the groups of test balls were to 
be run in a large mill along with the regular 
charge from which it would be difficult to 
recover all the test balls, it was found 
necessary to adjust the weight (after the 
wear-in) of each ball in a group to an iden- 
tical value. This was done by grinding on 
an abrasive grinding wheel. By having all 
balls in a group of equal weight at the be- 
ginning of the wear test it was unnecessary 
to recover all the balls in the group from the 
mill when the test was complete. 

5. All the balls were weighed carefully 
both in air and while suspended in water 
containing a wetting agent. From these 
data the density, volume and surface area 
of each ball were calculated by assuming 


- 
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that the ratio of volume to surface area — 


was equal to that of a perfect sphere. 
6. The mill in which the wear test was to 


be run was selected and the entire series of _ 


test balls charged at once. They were 
allowed to run in this mill, along with the 
regular charge of balls under normal oper- 
ating conditions, for a sufficient period of 
time to establish a reliable wear factor. In 
commercial mills the test balls were gen- 
erally run for a sufficient length of time to 
wear off a layer of metal about 1 in. thick 
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from their surface. The mill was then 
stopped and the marked test balls were 
sorted out from the rest of the charge. Sort- 
ing was accomplished by dumping the 
entire charge of balls on the floor, or 
preferably in large mills, by having two or 
three men pick the marked balls from the 
surface of the ball charge inside the mill 
while it was slowly rotated 180° with a 
crane and rope. 

The time for shutdown and recovery of 


balls from a test mill was generally chosen 


so that it would coincide with the time the 
mill was to be shut down for relining or 
other repairs. By doing this the wear test 
did not interfere with normal operations of 
the ball mill. We did not attempt to find 
roo pct of the test balls. Generally, how- 
ever, from 60 to 80 pct of them were found 
without difficulty within about 2 hr. During 
the search period a close watch was kept 
for test balls which had broken or spalled 
during the test. 

7. The test balls were sorted, cleaned and 
weighed and their weight loss per unit of 
surface area was calculated. This figure was 
compared to the loss per unit of area on the 
standard balls included in the test. From 
this comparison an “abrasion factor”’ or 
relative rate of wear was calculated. For 
instance on a typical test the standard balls 
lost 116.0 g per 100Sq cm of original surface 


area. The balls in “group 1” showed an 


average loss of 128.7 g per Ioo Sq cm. The 
standard ball was always nominally as- 
signed an abrasion factor of 100. The 
abrasion factor (relative rate of wear) 
of the balls in group 1 was, therefore, 
116.0 
abrasion factors are given to the nearest 
whole number. 

~All abrasion factors listed in this paper 
have been obtained by the foregoing pro- 
cedure. In all cases our standard for com- 
parison was a group of martensitic forged 


x roo = 111.0. In this paper all 


steel] balls containing 0.75 to 0.88 pct car- 
bon and 0.20 to 0.30 pct molybdenum. 
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These standard balls had been made in 
regular commercial practice under care- 
fully controlled conditions and were found 
to be very uniform in quality. 

In studying the abrasion factors given in 
this review it should be clearly realized that 
they represent relative rates of wear. Balls 
with an abrasion factor higher than 100 
wear away faster and are, therefore, poorer 
than the standard, while balls with an 
abrasion factor of less than 100 wear more 
slowly and are, therefore, superior to the 
standard. 

The abrasion factor represents the rela- 
tive rate of wear of that portion of the ball 
which was worn away during the test. If 
the ball is homogeneous from surface to 
center the abrasion factor should be repre- 
sentative of relative wear resistance of the 
entire ball. In some cases, however, the ball 
may be less wear resistant at its center than 
at its surface. When this condition exists, 
allowances must be made in evaluating the 
relative wear resistance of the entire ball. 
Generally, however, the correction neces- 
sary is very slight. For instance, if a steel 
ball 3 in. in diam is fully hardened to a 
depth of 1 in. below its surface, then the 
weight of hardened steel in the ball is 
96.3 pct of the total weight with the un- 
hardened core representing only 3.7 pct of 
the total weight. Under such circumstances 
the correction necessary for the more rapid 
wear rate of this core will probably be less 
than 1 pct when applied to the average 
wear rate of the entire ball. 

Surface decarburization to a depth of 
0.030 in. may increase the rate of wear of a 
ball 3 in. in diam by a greater amount than 
a soft core 1 in. in diam. Such a layer repre- 
sents approximately 6 pct of the total 
weight of the ball. We estimate that such a 
zone of decarburization will generally 
shorten the life of a 3 in. ball by 1 to 2 pct. 
On smaller balls the influence of decarburi- 
zation would be still greater. 

The data and conclusions presented in 
this paper are supported by wear tests run 
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over a 7 yr period on over 200 metallurgical 
classifications of steel and iron balls. A total 
of 94 wear tests was run to study numerous 
variables under a wide variety of operating 
conditions. The entire mass of data col- 
lected, if presented in this paper, would 
increase its length excessively and tend to 
obscure many of the more important find- 
ings which we feel the investigation has 
brought forth. The data presented in this 
paper will, therefore, be confined princi- 
pally to illustrative examples rather than 
to a complete compilation of all results. 


RATES OF WEAR AND Limits oF ACCURACY 


Once the surface of a test ball has been 
suitably prepared, the determination of an 
accurate abrasion factor is merely a matter 
of running the test ball along with a stand- 
ard for a sufficient length of time to wear 
off an accurately measurable amount of 
metal. In our tests we attempted to wear 
off a sufficient weight of metal on each test 
so that our limit of experimental error in 
weighing was less than 1 pct. In the 3 ft 
diam test mill at Golden, Colo., we found 
that a 24 hr test, using a continuous feed 
of crushed Climax ore, washed river sand or 
washed river pea gravel would wear 15 to 
30 g from a ball 3 in. in diam. For a group 
of 5 to 15 balls, this was sufficient to obtain 
the desired degree of accuracy. 

When running tests in which it was nec- 
essary to add the abrasive and water in 
batches instead of continuously we usually 
ran each test for a period of 6 hr with the 
abrasive being changed every 2 hr. Two or 
more of these 6-hr tests were generally run 
in order to obtain a check on our results. 
In the tests in commercial mills the aver- 
age period of the wear test was from one to 
two weeks which in most cases wore off 75 
to 400 g per ball. This was ample to estab- 
lish wear factors with a high degree of 
accuracy. In one case, however, in which 
we ran a test in a mill grinding cement 
clinker the rate of wear was so low that only 
4.5 g were worn off each 3 in. standard ball 
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after a 222 hrrun. While the limit of experi- 
mental error on this test was relatively 
high, a compensating factor was found in 
the fact that the spread in wear resistance 
between the good and poor types of balls 
was so great that there was no doubt about 
the relative merits of the various types 
tested. 

Table 1 gives the actual rates of wear 
obtained on our standard balls when run in 
ten tests representing a rather wide variety 
of operating conditions. From these values 
of wear rates per unit of area, the rate at 
which the balls decrease in diameter and 
their useful life period have been calculated 
for each condition. This calculation as- 
sumes that mill operating conditions re- 
main constant and that the wear on each 
ball continues to be in direct proportion to 
its surface area for its entire life. The life of 
individual balls in a mill is of particular 
interest when large scale wear tests are’ 
planned on one or more types of balls. 
General practice on such tests is to start 
adding the test balls.to the mills daily in 
the quantity needed to maintain the ball 
charge at a desired level. When the operator 
is satisfied that the balls formerly used in 
the mill are substantially all worn out, and 
the test balls have worn in sufficiently to 
form an equilibrium ball charge, he then 
starts to keep an accurate record of the’ 
weight of test balls added to the mill. It 
may be seen from Table 1 that this method 
of testing can develop into a long, tedious 
process because of the fact that it requires 
months and in some cases years to replace 
the former charge of balls with the test 
balls. 

The rate at which individual balls wear 
will tend to be faster in mills of large 
diameter than in mills of small diameter. 
Theoretically the wear rate of an individual 
ball in a charge will increase as the 0.6 
power of the mill diameter. This general 
trend for the balls to wear faster in the 
larger diameter mills is observable from the 
data in Table 1. An accurate experimental 
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determination of this 0.6 power rule is 
however, rather difficult because of the 
numerous other variables which generally 
enter the picture when we change from a 
mill of one diameter to that of another 
diameter. 


Life (Days) 
I3I on 3in 
73 0n 2 in. 
168 
139 
262 
214 
271T 
608t 


Approximate* 
13,500 on 4in. 


FUNDAMENTAL FACTORS 
GOVERNING BALL WEAR 
IN A MILL 


Loss in Diameter 
per 24 Hr 
(Inches) 
0.0228 
0.0172 


In the development of a suitable testing 
technique, one of the first things we had 
to determine was the basis on which we 
could compare the wear of balls which 
varied in diameter or weight. Davis*® had 
stated that balls wore in direct proportion 
to their weight (or cube of their diameter). 
Ellis! in most of his tests based his wear 
rates on weight loss per unit of surface 
area, that is, he assumed that balls wore in 
direct proportion to the square of their 
diameter. Bond‘ states that the balls in 
his tests wore as the 2.29 power of their 
diameter. Since both Davis’ and Bond’s 
methods of determining the proportionality 
of ball wear were of an indirect nature, we 
felt that further evidence on this subject 
should be obtained by more direct methods 
of observation. Groups of balls were, there- 
fore, prepared which were metallurgically. 
and chemically similar, the only variable 
being their diameter. These groups were 
run on various tests in a number of mills. 
It was found that the balls in these groups 
wore in direct proportion to their surface 
area, that is, in proportion to the square 
of their diameter. An exception to this 
surface area rule was found in the case 
where a few balls 4 to 5 in. in diam were 
run in a charge which consisted principally 
of balls 3 in. in diam and smaller. It was 
found that under such conditions the 
abnormally large balls tended to segregate 
to the outside of the mill charge where 
they would naturally absorb a greater than 
average amount of energy and, therefore, 
wore somewhat faster than was called for 
by the surface area law. 
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Hrs (Grams) 


Wear per 100 
Sq Cm per 24 


Ball Makeup 
Diameter 
(Inches) 
roo pet—3 in 
50 pet—3 in 
50 pet—2 in 
100 pet—3 in 
I00 pet—2 in 
Too pet—3 in 
100 pet—3 in 
4in. and smaller 
3 in 
3 in. 
3 in 


a) 
ft 
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Mill 
Diameter 
(Feet) 


Dry cement clinker 


Gold ore 
Copper ore 
Copper ore 
River sand 
Feldspar 
Calcite 


Abrasive 
Mo ore 


ee | 


Location 


Climax, Colo. 
ng entirely of 3 in. balls. If the charge had been an equilibrium charge containing balls graduated from 3 in. diam down to 


here as the time required to wear it from its original diameter down to 0.75 in. diameter. 
0.75 in. then the wear rate would have been less and the life longer due to the greater total surface area of such a charge. 


TABLE 1—Wear Rates on Standard Martensitic Forged Steel Balls in Various Mills 


ee eee 
Company 


Ag a eu ak 


* The “‘life”’ of a ball is calculated 
} This life‘is on a charge consisti 


Phelps-Dodge Corp....... 
Miami Copper Co....:,.. 
Colo. Portland Cement.... 
Colo. School of Mines. 

Colo. School of Mines..... 
Colo. School of Mines..... 


Climax Molybdenum Co.. 
Homestake Mining Co.... 


Climax Molybdenum Co.... 
Climax. Molybdenum Co.....:....... 
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The mills in which these tests were run 
have varied from 3 to 9 ft in diam. Mill 
speeds ranged from 65 to 78 pct of critical 
while pulp densities and pulp levels varied 
sufficiently to produce a wide variation in 
the degree of impact to which the balls 
were subjected. In spite of these wide 
variations in operating conditions, we have 
been unable to find any deviation from this 
surface area law for ball wear except for 
the case mentioned where the large balls 
segregated to the outside of the mill. 

Since, in the absence of size segregation, 
grinding balls in a mill will tend to wear 
in direct proportion to their surface area, 
the wear per unit of area will be the same 
on metallurgically and chemically similar 
balls even though these balls vary in size. 
Data from a number of our tests which 
confirm this observation are given in Table 
2. It will be noted that within the limits of 
experimental error, for any given test, the 
wear per unit of area on balls of various 
diameters is practically identical. 

Since grinding balls tend to wear in 
direct proportion to their surface area, it 
also follows that they will tend to lose 
diameter at a constant rate. This has been 
very nicely confirmed by Prentice’s® inves- 
-tigations. Garms and Stevens® show a 
further confirmation of this in Fig 2 of 
_their paper. 

Davis* based his conclusion that balls 
wear in proportion to their weight on the 
screen analysis of a number of ball charges. 
Prentice has compiled more recent data 
on the screen analysis of a number of ball 
charges. His compilation, and unpublished 
data from the screen analysis of ball 
charges in our Climax mills, tend to con- 
firm the surface area theory of ball wear. 

The nature of ball wear in a ball mill has 
been the object of much discussion ever since 
Davis? published his original paper on this 
subject. It is suggested that our technique 
of wear testing can be used to yield further 
experimental data on this problem. Our 
tests indicate that the wear in a ball 
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Taste 2—Wear Rates of Balls of Various 
Diameters in Several Tests* 
a. Annealed, Forged Steel, Plain Carbon Balls in 3-ft 


Diam Mill at Golden. Results from one 24-hr Test 
in River Sand and one 24-hr Test in Climax Ore 


Grams Lost per 100 


3 Sq Cm 
EA oe: Actual Area q 
ameter (Sq Cm) 
(Inches) q 
Sand | Climax Ore 
3 178.1 II.0 10.1 
2 78.6 10.6 9.8 


b. Martensitic Forged Steel (Standard) Balls in a 5-ft 
Diam Mill at Homestake Mining Co. Results from 
239-hr Test in Partially Ground Homestake Ore 


“Sep ceie Actual Area | Grams Lost per 100 
(Inches) (Sq Cm) Sq Cm 

» 170.0 89.8 

= 176.6 89.1 
. 246 124.8 90.3 


c. Soft Pearlitic Forged Steel Balls (277 Brinell) ina 
5-ft Diam Mill at Homestake Mining Co. Results 
pon a 239-hr Test in Partially Ground Homestake 

re 


II0.1 
109.7 


164.9 


3 
3h2 224.5 


d. Soft Pearlitic Forged Steel Balls (277 Brinell) in a 
644-ft Diam Mill at Phelps Dodge Corp., Ajo, 
Ariz. Results from a 168-hr Test in Ajo Ore 


234 


I51.4 
34 


209.0 


e. Martensitic Forged Steel (Standard) Balls in a 
3-ft Diam Mill at Golden. Results from one 24-hr 
a in River Sand and one 24-hr Test in Climax 

re 


Grams Lost per 100 
Sq C 


Nominal q Cn. 
Diameter acy oot 
(Inches) be 
Sand | Climax Ore © 
3 163.0 8.28 8.43. 
249 113.9 8.31 8.30 


f. Martensitic Forged Steel (Standard) Balls in a 
9-ft Diam Mill at Climax, Colo. Results from one 
162-hr Test in Climax Ore 


Nominal Actual Area | Grams Lost per 100 
Diameter (Sq Cm) q Cm 
(Inches) 

3 17$-.5 116.3 

3 170.0 115.8 


* The results given represent averages. A total of 
five to twenty balls of each type was run in cece test. 
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charge tends to be uniformly distributed 
over the surface so that the wear on any 
one ball is proportional to its surface area. 
It would seem to follow that the energy 
induced by rotation of the mill and the 
grinding effect are similarly distributed. 


THE MECHANISM OF WEAR 


Our wear tests lead us to believe that 
wear may be classified in all cases as 
occurring by two mechanisms. One is by 
the removal of oxide films or other chemical 
coatings which form on the freshly exposed 
metallic surface of the wearing part. When 
wear occurs by this mechanism, the chem- 
ical composition of the metal is the dom- 
inating factor. A reduction of wear under 
these conditions can be most readily 
accomplished by selecting a metal or alloy 
which forms a hard and adherent oxide 
film such as that obtained on high chro- 
mium alloys. 

The other classification of wear involves 
the removal of the surface of the part as 
metallic particles. When wear occurs by 
this mechanism, we believe the controlling 
factors governing rate of wear are deter- 
mined by the distribution and character- 
istics of the micro-constituents in the metal 
or alloy. In the case of grinding balls, 
operating in mills of commercial size, our 
tests indicate that most of the wear occurs 
by the removal of metallic particles since 
the microstructure of all balls tested has 
been the dominant factor in the determina- 
tion of their wear resistance. For instance, 
we have found that balls of the same 
analysis but of different microstructure will 
generally show a corresponding difference 
in wear resistance. On the other hand, balls 
of widely different alloy content but with 
practically the same microstructure will 
show relatively small differences in wear 


_resistance. 


wa Tax aa a 


Ellis? has found, under the conditions 
existing in his laboratory testing of grind- 
ing balls, that wear caused by the removal 
of oxide films was a dominating factor. 
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His tests were run in small jar mills on 
balls 1 in. in diam. Under these conditions 
the addition of chromium to his steel or 
iron composition was found to be very 
effective in reducing ball wear. We suspect 
that when wear in grinding balls occurs 
primarily by the removal of oxide films, 
the forces causing abrasion are unusually 
mild. Where larger balls are used in the 
larger test mills, or in mills of commercial 
size, the metallic particles worn from balls 
during a wet grinding operation can gen- 
erally be removed from the ground pulp by 
gravity or magnetic concentration, though 
a complete separation is difficult. Probably 
the finer particles are rapidly oxidized, so 
quantitative determinations of metallic 
iron in the ground pulp may be misleading. 
These ground pulps, when allowed to 
stand, will often generate surprisingly large 
volumes of hydrogen, indicating the reduc- 
tion of hydrogen ions by the metallic iron. 
This hydrogen evolution is the basis of one 
quantitative method of determining the 
amount of metallic iron in these pulps. 

We believe that the oxide films play only 
a minor part in determining the wear of 
grinding balls in most ball mills. In acid or 
corrosive pulps, or where small balls are 
used in mills of small diameter, the influ- 
ence of oxide films on the balls may become 
an important consideration. The micro- 
structure of the steel or iron balls may also 
have a definite influence on the formation 
of the oxide films. Metallographists are all 
familiar with the fact that pearlite etches 
more rapidly than martensite when exposed 
to oxidizing acids. We have indications 
that a similar condition exists during the 
formation of oxide films on the freshly 
abraded surfaces of grinding balls. For 
instance, on a series of batch tests in the 
3 ft diam mill at Golden, using crushed 
Climax ore as the abrasive, when the mill 
atmosphere was changed from air to a pure 
oxygen atmosphere, a group of pearlitic 
steel balls showed a 39 pct increase in rate 
of wear while the standard martensitic 
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balls showed only a 19 pct increase in 
rate of wear. On the other hand, when we 
attempted to reduce the rate of oxidation 
of the balls: by operating in an air atmos- 
phere with an alkaline pulp, the pearlitic 
balls showed a 10.7 pct decrease in rate of 
wear while the martensitic balls showed 
only a 7.4 pct decrease. The martensitic 
steel was, therefore, less affected by 
changes in oxidizing conditions than the 
pearlitic steel. Since the oxygen in an air 
atmosphere apparently did have some 
influence on rate of wear, it is reasonable to 
expect that at least some reduction in rate 
of wear by oxidation may be achieved by 
making the steel martensitic. 

The changes in rate of wear which we 
obtained by the use of an oxygen atmos- 
phere or by making the pulp alkaline are 
not nearly so great as those obtained by 
Ellis? in his small jar mills. We believe the 
reason for this is that in our tests the wear 
by removal of oxide films did not represent 
nearly as great a proportion of the total 
as it did in Ellis’ small laboratory mills. 


DEFINITION OF MICROSTRUCTURAL 
CLASSIFICATIONS 


Since the balls in our wear tests were 
studied with particular reference to their 
microstructure, a brief definition of the 
terms used to describe these microstruc- 
tures is in order. 

During the solidification of a medium 
or high carbon steel or of hypoeutectic 
compositions within the white iron range, 
the first constituent to solidify is austenite. 
Upon cooling, this austenite may transform 
to pearlite, bainite, or martensite with the 
product of transformation depending on 
the temperature at which the austenite 
transforms. The austenite and its trans- 
formation products are often referred to 
as the “matrix” of the steel or iron, and 
are, at times, so designated in this paper. 
During the cooling of the solidified austen- 
ite, pro-eutectoid carbides or ferrite may 
be rejected. Since these constituents are 
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rejected around the austenite grains, they 
are referred to as grain boundary carbides 
or ferrite. 

Spheroidized carbides, which occurred 
in several groups of balls which we studied, _ 
were produced by reheating operations 
after casting or forging. They existed in all 
cases as very small globular particles finely 
disseminated throughout the matrix of the 
steel. 

Sulphides were observable and easily 
identified in several cast steels of high 
sulphur content. Where they occurred as 
envelopes or partial envelopes around the 
original austenite grains, they are classed 
as grain boundary sulphides. Where they 
occurred as globules within the original 
austenite grain boundaries they are classed 
as globular sulphides. 

When ferrous alloys within the cast iron 
range of compositions solidify, there will 
form around or adjacent to the original 
austenite grains: carbides, which we shall 
designate as primary or massive carbides; 
graphite, which will be so designated; and 
steadite, an iron phosphorus eutectic. In 
one case, ledeburite, which is a eutectic of 
austenite or its transformation products 
and primary iron carbide, is mentioned 


Pearlite is the lamellar product resulting — | 


from transformation of austenite at tem-— 
peratures from the Aer temperatures — 


(approximately 1350°F (730°C) for most | 


of the compositions studied) and about 
1000°F (540°C). It will be further classified 
into coarse, medium and fine pearlite 
depending on the size and spacing of the 
lamellae. Bainite is the acicular product — 
resulting from transformation of austenite 
at temperatures which are generally below 
g00°F (480°C) and above 450°F (230°C). 
For most of our compositions, the bainite 
was formed between 800 and s500°F 
(430-260°C). Substantial amounts of re- 
tained austenite generally were found 
along with the bainite. Martensite refers 
to the hard acicular product formed below 
the Ar’’ temperature of the steel. This Ar’’ 
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temperature was within a range of 550 
to 350°F (290-180°C) for most of the 
compositions which we studied. There were, 
however, a few compositions which con- 
tained a total alloy content sufficient to 
depress the Ar’’ temperature to values near 
or below room temperature so that re- 
frigeration was necessary to obtain appre- 
ciable transformation from austenite to 
martensite. 

The similarity in appearance between 
martensite and low temperature bainite is 
such that we may, in a number of cases, 
have confused one with the other. On our 
more recent investigations we have at- 
tempted to distinguish ®between bainite 
and martensite by determining the temper- 
atures at which the balls transformed with 
“Tempilstiks” and a magnet. 

Spheroidite as described by Payson’ has 
also been studied in a few of these wear 
tests. This structure was obtained in afew of 
the normalized high carbon, low alloy steels. 


WEAR RESISTANCE OF STEEL 
OF VARIOUS MICROSTRUCTURES 


Microstructure seems to be the dominat- 
ing factor insofar-as the wear resistance of 
steel grinding balls is concerned. Structure 
of the matrix appears to be most important. 
Grain boundary carbides and undissolved 
spheroidized carbides have a minor, though 
by no means negligible, effect on wear 
resistance. The effect of massive carbides 


_ is variable and appears to depend to some 


extent on the character of the matrix. 
Grain boundary and massive carbides have 
a pronounced influence on the resistance 


shown by the balls to spalling and breakage” 


‘under severe impact. Grain boundary 

ferrite is harmful to wear resistance. 
Carbon content plays such a dominant 

part in determining the microstructure of a 


~ steel or iron that its influence will be dis- 


cussed in this section on microstructure 


rather than in a later section on the influ- 


ence of chemical composition on wear 
resistance. 


g 
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The relative wear resistance (abrasion 
factors) of eleven of the more important 
types of steel and iron representing certain 
typical microstructures is listed in Table 3. 
The abrasion factors obtained under seven 
different operating conditions are given. 
The eleven analyses are listed in their 
approximate order of merit. 

Generally, in the conduct of our wear 
tests, a wide variety of types was included 
in each test. The complete data from two 
of our more comprehensive tests are listed 
in Tables 4 and 5 for illustrative purposes. 
It is from such data as these that we have 
taken the selected data for Table 3. 

In studying the influence of microstruc- 
ture on wear resistance, our discussion can 
be conveniently divided into three parts, 
one dealing with a matrix structure made 
up of austenite, martensite, or bainite or a 
combination of these, and the second with 
a matrix structure of fine, medium or 
coarse pearlite. The third part deals with 
structures containing a matrix of spheroidal 


‘carbides in ferrite. 


1. Balls with a Matrix of Austenite, 
Mariensite or Bainite 


A well known form of steel containing ~ 
austenite is found in the 12 to 14 pct 
manganese, 1.0 to 1.3 pet carbon Hadfield 
manganese steel which has been reheated 
after casting to about 1900°F (1040°C) and 
water quenched. This steel represents a 
rather stable form of austenite which can 
be work hardened from its as-quenched 
hardness value of about 10 Rg to a maxi- 
mum of 58 Ro. In our work on grinding 
balls the highest hardness observed on the 
work hardened surface of Hadfield man- 
ganese steel was 54 Rc. We have never been 
able to detect the transformation of this 
austenite to ferro-magnetic products (such 
as martensite) by work hardening of the 
surface. This applies to both balls and 
crusher parts. This finding is supported by 
the work of Goss® who concluded that no 
such products are formed from the work 
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hardening of Hadfield manganese steel. 
This steel has shown relatively poor wear 
resistance in all our wear tests in which it 
has been included. This is observable from 
the abrasion factors for item 7 of Table 3, 
from item 42 of Table 4, and items 31 or 
32 of Table 5. The influence of the carbon 
content on this type of austenitic steel has 
not been investigated by us. 

One should not conclude from the results 
for Hadfield manganese steel that all types 
of austenite will have poor wear resistance 
when tested as grinding balls. Other types 
of austenite, which tend to transform quite 
readily to martensite when work hardened, 
exist at room temperature. Many of the 
groups of balls which we have tested 
contained austenite of this latter type. 
These groups have in all cases stood at the 
top of the list insofar as wear resistance is 
concerned, which leads us to believe that 
those types of austenite which will trans- 
form readily to martensite when cold 
worked are not harmful to wear resistance 
of grinding balls. This is demonstrated in 
Table 6 which lists the results obtained 
from nine steel compositions containing 
retained austenite. 

The groups of balls listed in Table 6 were 
selected from Table 5. Tables 3 and 4 list 
a number of additional results on groups 
which contained retained austenite. It will 


- be noted that these groups all show excel- 


lent wear resistance. 
Some of the most wear resistant groups 


of balls in our tests had relatively low 


initial hardness because of their large 
amount of retained austenite. These balls 
have shown a substantial amount of work 
hardening on their surface as determined 
by Rockwell C impressions. For instance 
the balls in item 8 of Table 5 had a hard- 
ness of 40-41 Rc before testing. After a 
series of wear tests, which concluded with 
the test at Ajo, the balls in this group had 
surface hardnesses in the range of 50-56 Rc. 
Similarly, the.surface hardness of the balls 


jn item 10 of Table 5 increased from 53-55 
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Ro to 61-64 Ro. These surface hardness 
readings are possibly low since the Rock- 
well C impressions have probably pene- 
trated into the softer metal below the 
surface. Balls which did not contain 
retained austenite showed no appreciable 
work hardening at the surface, as measured 
by the Rockwell C test. 

To study more fully the influence of 
retained austenite in the matrix of grinding 
balls, tests were run on five steel composi- 
tions of varying austenite stability. The 
composition, heat treatment and hardness 
of these steels, together with the abrasion 
factors obtained from them on a wear test 
in the test mill at Golden, are given in 
Table 7. The groups are listed in order of 
decreasing austenite stability. Group 1-WQ 
represents austenitic manganese steel water 
quenched directly from the mold. It was 
completely austenitic except for a small 
amount of primary carbide around the 
dendritic grain boundaries. The relatively 
high rate of wear which we obtained from 
this type of austenite is similar to that 
obtained from items 31 or 32 of Table s. 

Microscopic observation and magnetic 
permeability tests indicated that groups 
2-WQ and 2-AQ were similar and were 
completely austenitic except for some 
primary carbides around the dendritic 
grain boundaries. Magnetic permeability 
tests indicated that a slight amount of 
transformation to martensite occurred in 
group 2-WQR when it was refrigerated to 
—70°F (—57°C). Small specimens of steels 
2-WQ and 2-AQ could be work hardened 
to a maximum of 44 Rc by hammering. 
This work hardening brought about some 
transformation to ferromagnetic products, 
indicating the formation of martensite. 

Tests similar to those run on the three 
groups of composition 2 were also run on 
the three groups of composition 3. Groups 
3-WQ and 3-AQ appeared to be completely 
austenitic except for the primary carbides 
around the grain boundaries. Group 
3-WQR showed appreciable transformation 
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TABLE 7—Relative Rates of Wear on Five Steel Compos 


of Varying Austenite Stability 
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* This represents the hardness of the metal before it was cold worked by the wear test. 


to martensite on cooling to — 25°F (— 32°C) 
and additional transformation when cooled 
to —70°F (—57°C). This is also indicated 
by the higher hardness of group 3-WQR. 
Groups 3-WQ and 3-AQ could be work 
hardened to 53 Rc by hammering, and 
also showed substantial transformation to 
ferro-magnetic products. It is clear from 
these tests that the austenite in the groups 
of composition 3 was less stable than that of 
composition 2. This was apparently caused 
by the higher nickel content of composition 
2, since there was very little difference in 
the content of the other austenite stabiliz- 
ing elements (carbon, manganese, and chro- 
mium) in the two compositions. 

Group 4-AQ contained fairly substantial 
amounts of austenite of relatively low alloy 
content. It is reasonable to expect that this 
austenite would be rather unstable and, 
therefore, easily subject to transformation 
to martensite when work hardened. 

Group 5-WQ was our standard marten- 
sitic forged steel with which all test groups 
are compared. It represents mainly marten- 
site in a mildly tempered condition. This 
mild temper consisted of a brief reheat at 
approximately 300°F (150°C) which each 
ball received as a result of its removal from 
the water quench before its center was 
completely cooled. 

The wearing characteristics of the groups 
listed in Table 7 improve with decreasing 
stability of the retained austenite and reach 
an optimum in group 4-AQ which repre- 
sents a relatively low alloy steel containing 
appreciable amounts of retained austenite. 
The type of martensite found in group 
5-WQ causes a slight falling off in wear 
resistance. 

Refrigeration had no effect on the wear 
resistance of group 3-WQR even though it 
raised the initial hardness from 23 Re to 
37 Rc. However this steel was subjected to 
cold work by the forces of impact involved 
in the wear test which may have raised its 
hardness at the wearing surface to a value 
above 50 Rc. A substantial amount of work 
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hardening occurred on the surface of all 
the austenitic balls though to such a 
shallow depth that we were unable to 
measure the surface hardness with any 
reasonable degree of accuracy. 

It has been brought out that retained 
austenite at the wearing surface of low alloy, 
high carbon steel grinding balls will trans- 
form’ to martensite by the cold working 
effect which normally exists in a ball mill 
grinding operation. This retained austenite 
can also be transformed to martensite by 
refrigeration though the one result of such 
treatment, obtained from group 3-WQR in 
Table 7, does not indicate that transfor- 
mation in this manner will appreciably im- 
prove the wear resistance of grinding balls 

Another method used for transforming 
retained austenite was to temper it for a 
short time at 600°F (315°C). The influence 
of tempering treatments up to 600°F 
(315°C) on the wear rates and hardnesses 
of three martensitic or bainitic steel compo- 
sitions containing retained austenite is 
shown in Table 8. Tempering these 
compositions at 375°F (190°C) brought 
about a slight increase in hardness but 
very little, if any, change in wear resistance. 
By tempering the compositions at 600°F 
(315°C), however, the austenite in the steel 
was transformed to tempered martensite or 
bainite. Little overall change in hardness 
occurred as a result of this treatment. A 
marked drop in wear resistance did occur, 
however, with the average rate of wear for 
the three compositions almost doubling as 
a result of the 600°F (315°C) temper. 

It should be noted that the wear tests 
listed in Table 8 were batch runs in a 
crushed feldspar abrasive. This abrasive 


was selected because abrasion tests run in « 


feldspar tend to show a wide spread be- 
tween balls of different wearing quality. 
This allows the detection of relatively 
minor differences in the wearing quality of 
balls. In this series of 6-hr tests the 
amount worn off the balls was quite small 
so that the limit of experimental error was 
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about +5 pct. For this reason we have 
listed wear rates in Table 8 instead of 
abrasion factors which require a higher 
degree of accuracy. 

The abrasives and operating conditions 
in many commercial ball mills are such 
that the loss in wear resistance caused by 
the tempering of hardened balls at 600°F 
(315°C) will be much less than that shown 
for Table 8. For instance in Table 4, 
items 25, 26, 30, and 31 represent groups 
of balls which contained martensite or 
bainite plus retained austenite before they 
were tempered. Item 25 in Table 4 is also 
represented as item 19 in Table 5. These 
groups do not have as good wear resistance 
as we would expect from them if they had 
not been tempered. However, their loss in 
wear resistance was obviously not very 
great since they still show Shige good 
abrasion factors. 

Further tests, of a more comprehensive 
nature, on the influence of tempering 
hardened steel balls should have practical 
value. Antia, Fletcher and Cohen® have 
demonstrated that three separate temper- 
ing reactions occur between 180°F (80°C) 
and 675°F (355°C). A study of the wear 
resistance of the hardened steel before and 
after each of the tempering reactions should 
be of value. 

The influence of carbon content on steels 
and irons having a matrix of martensite, 
bainite or austenite is of interest. This 
variable has not been fully investigated 
over the entire range of compositions by our 
tests. Quite a few martensitic steels within 
the range of 0.70 to 0.90 pct carbon have, 
however, been tested and found to be 
remarkably similar in wearing character- 
istics. It was for this reason that we chose 
a martensitic steel within this range of 
carbon content as our test standard. 

When the carbon content of a martensitic 
steel was dropped to 0.60 pct or lower a 
definite falling off in wear resistance was 
noted. Martensitic 0.50 to 0.60 pct carbon 
low alloy steels when tested by grinding 
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river sand in the test mill at Golden or by 
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matrix will be inferior in wear resistance to 
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those with a matrix of martensite or bainite, 
plus retained austenite. A very large 
proportion of the grinding balls used 
commercially is, however, still of the 
pearlitic type so the characteristics of such 
balls have been rather fully investigated. 
The inferior wearing characteristics of the 
pearlitic steels and irons are quite evident 
from a study of the data in Tables 3, 4, and 
5. It is also evident, however, that there 
is a rather wide range in wearing character- 
istics of various pearlitic steels and irons. 
Some of the harder, high carbon pearlitic 
steels are capable of giving a fairly good 
account of themselves in the harder types 
of ore. In grinding the softer types of 
abrasives, such as feldspar or calcite, norie 
of the pearlitic steels or irons showed up 
well in comparison with the standard 
martensitic steel balls. 

Pearlitic steels of eutectoid carbon ‘con- 
tent tend to wear better with increasing 
fineness of the lamellar structure which is 
paralleled by an increase in the hardness 
of the steel. This is indicated by a com- 
parison of items 6 and 8 in Table 3. 

The influence of carbon content on the 
wear resistance of six pearlitic forged steels 
of similar hardness is demonstrated by 
Table 9. The trend towards improved wear 
resistance as the carbon content is raised 
from 0.52 to 1.03 pct is very consistent. 
Further data on the influence of carbon 
content on the wear resistance of a series of 
alloyed pearlitic steels of relatively high 
hardness are given in Table ro. Again the 
trend towards improved wear resistance as 
the carbon content increases, in this case 
up to 1.19 pct, is observable 

The results in Table 11 are shown to 
illustrate the influence of carbon content 
up to the cast iron range on balls having a 
pearlitic matrix. Further data on the 


performance of pearlitic white iron balls 


are also given in Tables 3, 4, and 5. It will 
be noted from these data that the introduc- 
tion of sufficient carbon into a composition 
to cause the formation of primary massive 
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carbides in its structure generally causes a — 
definite loss in wear resistance. 

Data on the influence of carbon content 
on the wear resistance of pearlitic balls 
are presented by Prentice.° While Prentice 
does not report the microstructure of the 
balls he tested, there are certain groups in 
his list which, because of their analysis, 
heat treatment and hardness obviously 
have a pearlitic matrix. Six of these groups 
are re-listed in Table 12. The superiority 
of the steel of eutectoid or slightly hyper- 
eutectoid carbon content is evident. 

The most wear resistant balls of the 
pearlitic type are made of steel composi- 
tions of high hardness and hyper-eutectoid 
carbon content. A maximum hardness of 
about 477 Bhn was obtained in a purely 
pearlitic steel when its carbon content was 
in a range of 1.0 to 1.40 pet. All of our 
pearlitic steels within this carbon range — 
contained an envelope or partial envelope 
of pro-eutectoid carbides around the grain 
boundaries. Such carbides are very effective — 
in causing rapid nucleation of the austenite, 
so in this respect they promote the develop- 
ment of a pearlitic matrix. If large amounts 
of the pro-eutectoid carbides precipitate 
at the grain boundaries they will lower the 
wear resistance of the steel. It is apparently 
desirable to retain most of this pro-eutectoid 
carbon within the pearlitic matrix. The 
judicious use of alloying elements coupled — 
with rapid cooling through the critical 
range has been found quite effective in 
accomplishing this. 

The data in Table 1o indicate that a 
high carbon, low alloy pearlitic steel is 
capable of showing fairly good wear 
resistance when tested in Climax ore. This 
is confirmed by the result for item 32 in 
Table 4 as well as by numerous unlisted 
results. It should be mentioned, however, 
that when the softer types of ore are 
ground (such as some of the porphyry 
copper ores) none of the pearlitic steels” 
will compare very favorably with the 
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compositions containing a matrix of mar- 
tensite or bainite, plus retained austenite. 


3. Balls Containing Spheroidal Carbides 


Spheroidal carbides may be developed in 
steel compositions by tempeting martensite 
or bainite or, under certain circumstances, 
by direct transformation from austenite 
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of the steel balls we have studied in order 
of decreasing grain size follows: 1. Sand 
cast steel, as cast. 2. Chill cast steel, as 
cast. 3. Forged steel, as forged. 4. Forged 
or cast steel, reheated between 1400 and 
1600°F (760-870°C) and quenched in air, 
oil or water. 

Numerous tests have been run in which 


TABLE 13—Relative Wear Rates of Lamellar and Spheroidal Structures of Approximately 
Equal Hardness 
(145-hr Wear Test in a 6 X 6-ft Mill at Climax, May 1941) 


Analysis, Per Cent 


Mn Cr Mo Si 


as described by Payson, Hodapp and Lee- 
der.?7 Indications from our tests are that 
these spheroidal structures are not as wear 
resistant as lamellar (pearlitic) structures 
of the same hardness. A comparison of the 
wear resistance of three compositions which 
were heat treated to develop lamellar 
(pearlitic) and spheroidal structures of 
approximately equal hardness is given in 
Table 13. The poorer wear resistance of the 
spheroidal (tempered martensite) struc- 
tures is evident. 

An exception to the theory that sphe- 
roidal structures tend to have inferior wear 
resistance may be found in the case of 
structures in which the spheroidal carbides 
exist in a matrix of martensite. (See (1) 
above.) 


Ture INFLUENCE OF GRAIN SIZE 


In steel compositions the prior austenitic 
grain size of the structure seems to have no 


influence on the wear resistance of grinding 


balls provided the microstructure within 


the grains is the same. This has been: 


demonstrated on both cast and forged 


_ balls of various types. A rough classification 


Lamellar Structure (Air Cooled 
from Forge, Pearlitic) 


Hardness (Bhn) | Abrasion Factor | Hardness (Bhn) 


Spheroidal Structure (Oil Quenched, 
Tempered 1050°F. Tempered 
Martensite 


Abrasion Factor 


II4 124 
IIo 387 113 
109 402 113 


all four types of steel, similar in composi- 
tion and microstructure, were included. No 
appreciable difference in the wear resistance 
of the four types has been found. Under 
severe conditions of impact, however, the 
martensitic or bainitic coarse-grained types 
often failed by spalling or breakage. 
Pearlitic steels, irrespective of their grain 
size, have not spalled or broken on any of 
our tests. For the martensitic steels, how- 
ever, indications are that a grain refining 
heat treatment is desirable on balls which 
must withstand severe conditions of impact 
or combinations of impact plus low rates 
of wear such as are encountered in the 
grinding of limestone or other very soft 
abrasives. 

Grain size is an important factor govern- 
ing the wear resistance of cast white iron 
balls. This is particularly true for cast white 
iron with a pearlitic matrix. Sand cast 
pearlitic white iron balls have always had 
poorer wear resistance than chill cast 
pearlitic iron in our tests. It is believed that 
the very coarse primary carbides which 
exist in sand cast white iron are responsible 
for this more rapid rate of wear. These 
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carbides may be more subject to spalling 
on a microscopic scale. 

The wear of white iron with a matrix of 
martensite plus retained austenite does not 
appear to be so greatly influenced by grain 
size. It will be noted in a comparison of 
items 1 and 4 of Table 3 that this par- 
ticular sand cast Ni-Hard white iron actu- 
ally wore less than the chill cast Ni-Hard 
white iron. 

Where severe impact occurs in a ball 
mill or where very large balls are used to 
accomplish crushing as well as grinding, 
breakage or spalling of all types of white 
iron may be expected. White iron of the 
Ni-Hard type seems to be somewhat more 
resistant to this spalling and breakage than 
the pearlitic types of white iron. 


Tue INFLUENCE OF ALLOYING ELEMENTS 


Since microstructure is the dominating 
factor determining the wear resistance of 
grinding balls, we believe the primary 
function of alloying elements is to assist in 
obtaining the type of microstructure 
desired. A secondary function of alloying 
elements may be to provide corrosion 
resistance or to facilitate the development 
of an abrasion resistant oxide film on the 
balls. 

The influence and usefulness of alloying 
elements will be considered for the two 
microstructural types of grinding balls 
which have, in our estimation, shown the 
best economic possibilities. These are: 
1. Balls with a matrix of martensite plus 
retained austenite or bainite plus retained 
austenite. 2. Balls with a pearlitic matrix. 

Balls of type 1 are generally superior to 
even the best of those of type 2 insofar as 
wear resistance is concerned. Impact con- 
ditions in certain ball mills may, however, 
be too severe for balls of type 1 particularly 
if they are coarse grained. 

To produce the type 1 microstructures 
in grinding balls, they must be of a compo- 
sition which possesses sufficient harden- 
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ability to halt transformation to pearlite — 
during their final air or liquid quench from 
the austenitic state. To accomplish this 
without resorting to too drastic a quench 
it is necessary to have alloying elements 
present in practically all the sizes of grind- 
ing balls down to about 1 in. diam. Many 
combinations of alloying elements can be 
used. However, the selection of an alloy or 
alloy combination together with the type 
of quench should be such that it introduces 
a minimum of harmful effects into the 
balls. The development of high residual 
stresses or quench cracks and the presence 
of embrittling elements such as phosphorus, 
sulphur or excessively high manganese and 
silicon should be avoided. Overstabilization 
of the retained austenite in the structures — 
should also be avoided. 

Numerous compositions and methods of 
heat treatment used to produce the type 1 
microstructures in steel or iron balls 3 in. 
in diam are to be found in Tables 4 to 8 
inclusive. It should be noted, however, that 
the groups listed in these tables were tested 
because they contributed to the study of 
certain variables. In most cases these 
groups do not represent the best composi- 
tion or heat treatment for commercial 
production. The commercial manufacture — 
of some of these groups would involve an 
unnecessarily high alloy cost, while others, 
because of their composition, grain size or 
heat treatment, would produce balls sub- 
ject to quench cracking or other forms of 
brittleness. 

The most economical alloying element 
per unit of hardenability effect is man- 
ganese. We have found that this element 
can be used to advantage in amounts up 
to about 0.80 pct in grinding balls with the 
type 1 microstructures. Larger amounts of 
manganese than this are generally undesir- — 
able since they tend to cause quench crack- _ 
ing or spalling and breakage of the balls in 
service. In cast steel balls, silicon contents 
in excess of 0.70 pct have been found 
undesirable for the same reasons. The cause 


~ Hostetter’s 
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of this may be that such high silicon con- 
tents were generally associated with an 
over-reduced condition during the finishing 
period in the melting furnace. For harden- 
abilities greater than that obtainable from 
0.80 pct manganese plus 0.70 pct silicon 
we believe the combined use of chromium, 
molybdenum and nickel will give the best 
results. Copper, in amounts up to 0.50 pct, 
has also been used to advantage in cast steel 
balls. 

To determine the most efficient chro- 
mium, molybdenum and nickel combinations 
for commercial production of cast or forged 
steel balls with the type 1 microstructures, 
we have found that Hostetter’s method!° 
can be applied to good advantage. While 
method of calculation was 
developed to determine the most econom- 
ical combinations, we have found that such 
combinations have also worked well from a 
performance standpoint insofar as wear 
resistance and freedom from quench crack- 
ing or breakage in service are concerned. 
In the interest of obtaining greater tough- 
ness in the hardened balls, certain steel 


_ ball producers prefer, however, to deviate 


from Hostetter’s formula by replacing a 
part of the chromium with a further addi- 
tion of molybdenum. It is thought that 
since molybdenum has very little effect in 
lowering the temperature range in which 
austenite begins to transform to martensite, 
it should be less likely to induce quench 
cracking or high residual stresses in balls 
which are quenched to below their Ar” 
temperature. 

Interrupted quenching techniques, which 
tend to avoid the development of quench 
cracks or high residual stresses, can be 
used to advantage in the production of 


alloyed balls with. the type 1 microstruc- 
‘ture. They are:particularly useful on coarse 
‘grained: steels such-as those in the as-cast 


or as-forged condition. A technique which 
we have. used. with good success on eutec- 
toid carbon;: low alloy, chromium -molyb- 


denum steel. balls -has-involved a quench in 
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oil, water sprays, or moving air until the 
surface of each ball was down to between 
600 and 700°F (305-370°C). The balls con- 
tained sufficient alloy content to suppress 
any transformation to pearlite so that they 
were still completely austenitic at these 
temperatures. The balls were then removed 
from the quench and allowed to cool 
slowly to room temperature. The trans- 
formation from austenite to bainite or 
martensite occurred during the slow cooling 
period. Usually, the balls became quite 
strongly ferro-magnetic while they were 
still at temperatures between 7oo and 
500°F (370-260°C), indicating that the 
transformation product was mostly bainite. 

For steel compositions, it has been 
pointed out that martensite (or bainite) 
plus an unstable austenite is easily obtained 
by the addition of relatively small amounts 
of alloying elements. Whether the further 
addition of alloying elements is beneficial 
or not is of interest. Our tests show little 
improvement for any large addition of an 
alloying element, particularly when eco- 
nomic factors are considered. Chromium 
additions beyond that necessary for full 
hardening are probably beneficial when 
conditions are such that the removal of 
oxide films on the balls represents a sub- 
stantial proportion of the wear. In most 
of our tests, however, the effect of chro- 
mium in amounts greater than that neces- 
sary for full hardening has been small. 

The addition’ of large amounts of 
manganese or nickel to a full hardening 
steel analysis appears to be undesirable 
because of stabilization of the retained 
austenite. Molybdenum additions beyond 
that necessary for full hardening have 
shown no appreciable effect on wear resist- 
ance. ; 

The full possibilities for the carbide- 


forming elements when applied in a 


structure of martensite plus spheroidized 
carbides have not been explored. Fairly 
highly alloyed comipositions, such as those 
used in high-speed steel cutting tools, may 
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show superior wear resistance though the 
field of application for such costly composi- 
tions in grinding balls seems to be decidedly 
limited. 

Alloying elements in the 1.0 to 1.4 pct 
carbon pearlitic balls serve to increase the 
fineness of the pearlitic structure and also 
to increase its carbon content by partially 
suppressing the rejection of pro-eutectoid 
carbides around the original austenite 
grain boundaries. Alloying elements such 
as chromium and molybdenum may have 
a secondary beneficial effect on pearlitic 
structures by the introduction of alloy 
carbides. Since much work remains to be 
done, about all that can now be said is that 
combinations of chromium in a range of 
1.0 to 3.0 pct plus molybdenum in a range 
of 0.20 to 0.50 pct have given good results. 
Manganese has also been used in amounts 
up to 2.0 pct though our tests have indi- 
cated that its use above 1.0 pct has con- 
tributed little to the wear resistance of 
these hard pearlitic steels. The nickel which 
was present in many of our pearlitic 
compositions in amounts up to 1.0 pct 
apparently had little influence on wear 
rates. 

Balls made from 1.0 to 1.4 pct carbon 
low alloy steels may be subjected to a 
fairly wide range of cooling rates from their 
austenitic state, while still developing a 
hard pearlitic structure. A fairly wide 
range in total alloy content is also permis- 
sible. Such balls will, therefore, lend them- 
selves well to production under conditions 
where a simple fool-proof heat treatment, 
such as an air quench, is required. 

Because of the presence in white iron of 
' massive primary carbides which tend to 
rob the matrix of its carbide forming alloy- 
ing elements, Hostetter’s formulas do not 
apply. A combination of nickel in a range 
of 3.0 to 4.5 pct plus chromium in a 
range of 1.5 to 2.5 pct (the Ni-Hard irons) 
has been used quite successfully to produce 
white iron with a matrix of martensite plus 
retained austenite. 
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Tue INFLUENCE OF THE METALLOIDS 


As might be expected, the presence of 
phosphorus and sulphur above the usual 
limits is undesirable in steel balls. Both 
elements cause brittleness in steel and also 
injure the hot working properties of 
wrought steels. Table 14 gives a comparison 
between a number of low metalloid, and 
similar high metalloid, pearlitic alloy 
steels. The high metalloid compositions 
are definitely inferior in wear resistance, 
even though their structure, hardness, and 
carbon content are similar. In Table 5, a 
high metalloid pearlitic steel represented — 
by item 30 compared unfavorably with 
items 4, 5, 25, and 26, which represent low 
metalloid pearlites of approximately the 
same hardness. 

The martensitic steels appear to be less 
affected by metalloids than the pearlitic 
steels insofar as wear resistance is con- 
cerned. In Table 5, the martensitic steels 
of high metalloid content are represented 
by items 11 to 17. These groups had good 
wear resistance, but the balls in these high 
metalloid groups were very subject to 
quench cracking and also to breakage in 
our wear tests. 

White iron balls generally have a rela- 
tively high sulphur and phosphorus con- 
tent. Whether any improvement in their 
wear resistance could be obtained by 
lowering their metalloid content is not 
known. 


Tue INFLUENCE OF ABRASIVES 
ON WEAR RESISTANCE 


By changing from one type of abrasive 
to another, very marked differences in the 
relative wear resistance of the various types 


of balls have been observed. While the — 
order of merit of a series will generally 


remain the same, the spread between the 
performance of a good and poor type will 
generally be much greater when grinding 


soft than when grinding hard abrasives. 


This is readily observable from the data in 


Table 3. Other tests which have been run 


en 
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TABLE 14—Relative Wear Rates of Pearlitic Steels of High and Low M etalloid Content 


(145-hr Wear Test in a 6 X 6-ft Mill at Climax, May 1941) 


Analysis, Per Cent 


Hardness i Sak eo es eee ee 
(@ | Mn Cr Mo Ni Si S P 


Abrasion 


Factor 


| 


Microstructure 


Group 
‘No. 


Heat Treatment 


| 


(a) Low Metalloid Steels 
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(b) High Metalloid Steels 


d Carbide, 


Pearlite, G.B. Sulphide 
G.B. Sulphide an 
lphide 


Pearlite, G.B. Su 


Pearlite, 


Sand cast, cooled in sand....... 
Sand cast, cooled in sand....... 
Sand cast, cooled in sand....... 


in calcite, cement rock, and in commercial 
ores high in feldspar or talc, tend to confirm 
this. Ellis’ data! confirm this observation. 

A reversal in order of merit may occur 
among the pearlitic steels and pearlitic 
white irons when we change from grinding 
a hard abrasive to the softer abrasives. 
For instance, in the grinding of quartz or 
ores high in quartz content, the pearlitic 
steels are generally superior to pearlitic 
white iron. When grinding pure feldspar, 
however, this condition may be reversed. 
This is observable from a comparison of 
items 6 and 10 in Table 3. 

Possibly an explanation for the way that 
the various abrasives influence the wear 
resistance of grinding balls may be obtained 
by a consideration of the relative indenta- 
tion hardness of minerals and steel at 
various hardness levels. Peters and Knoop" 
list the following indentation hardnesses as 
obtained by microhardness tests with a 
diamond pyramid: 


Calcite tater ccm etter 135 
Steel Rc a5ar sures eatekretos 270 
AlbitesMeldspan.jceataawiere a 490 
Steel) Re47ins. mie ane eee 496 
Orthoclase feldspar.........- 560 
Qtiartz wie octeme eieee 710-790 
Steely Rie 65-6775 16 ote sine =i 791 


The foregoing table indicates that quartz 
has about the same hardness as the hardest 
steel, so it should be capable of scratching 
all types of steel. Feldspar minerals, which 
have a lower hardness than quartz, will 
not, according to mineralogical theory, 
scratch the hard martensitic steels but 
should scratch steels softer than about 
so Re. This probably accounts for the 
fact that, in a feldspar abrasive, the 
martensitic steels show outstanding su- 
periority, whereas, in grinding quartz, 
which is capable of scratching all steels, the 
superiority of the martensitic steels is not 
so great. 

A further confirmation of this scratch 
theory of wear is provided by the wear 
rates on balls grinding calcite, which is 
softer than all the steel balls we have 


studied. Theoretically, no wear should 
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occur on the balls when grinding calcite. 
Actually some wear did occur in our tests 
but the wear rate was only about one 
tenth of that in feldspar and only about 
one half that of the balls when they were 
run in water without any abrasive. The 
calcite, therefore, acted more as a lubricant 
than as an abrasive. 

Other factors which we have found to 
affect the spread in wear resistance ob- 
tained between a good and a poor type of 
ball are the coarseness of the abrasive 
and the pulp density in wet grinding oper- 
ations. An increase in the coarseness of the 
abrasive has been found to increase this 
spread. A decrease in pulp density (more 
dilution by water) was found to increase 
this spread on a series of tests in the 3-ft 
diam. mill at Golden using Climax ore or 
washed river sand as abrasive. Whether 
this can be taken as a general rule for all 
mills or abrasives is not known. When the 
balls were tested in clear water the rate of 
wear on all balls dropped to about 10 pct 
of the rate of wear obtained when Climax 
ore was used as the abrasive. 


PRACTICAL ADAPTABILITY 
OF THE SHORT TIME WEAR TEST 


Our use of the short time wear test 
described in this paper has been both for 
the study of fundamental factors influenc- 
ing the wear of balls, and for an evaluation 
of the merits of the types of balls which 
are available in commercial quantities. 
Resistance to wear, spalling and breakage 
may be studied by this test. Where pos- 
sible, it is preferable to run these short time 
tests under normal service conditions in 
commercial ball mills. The test has been 


found very useful as a means for the | 


selection and routine inspection of grinding 
balls. The method could also be applied 
with minor modifications to the ‘selection 
and inspection of grinding rods for rod 
mills. 

In the development of alloys for use in 
parts other than grinding balls which are 
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subject to abrasive wear, this short time 
wear test may have possibilities provided 
the wearing forces on the part in question — 
are similar to those on a grinding ball. 
In this connection we have studied alloy | 
steels for ball mill liners by testing the — 
desired composition and structure in the 4 
form of balls 5 in. in diam. Where com- 
parisons are available the relative wear 
resistance of a given composition and 
structure as established by this short time 
test on large balls has shown good agree- 
ment with actual service for the same 
composition and structure when tested as 
a liner in the same mill. 

A number of correlations between the 
results of our small scale tests on balls 
and large scale tests in commercial mills 
are already available. The results from two — 
commercial mills are given in Table 15. 


TABLE 15—Correlation between Relative 
Rates of Wear. Determined by Large 
and Small Scale Wear Tests in 
Two Commercial Mills 


Relative Rates 


of Wear* 
Type of Ball 
Large | Small 
Scale | Scale 
Test |. Test 


(a) Primary Grinding of Crushed Molybdenum Ore 
at Climax, Colorado 


Martensitic Forged Steel (Standard)|100 100 
Fine Pearlitic Forged Steel........ 107-124|108-120 
Sand Cast Cr-Mo White Iron...... 170-180|176 


(b) Primary Grindin 


of Porphyry C co t 
Phelps Dodge ak s oe 


°K 
erporation, Ajo, Arizona ‘ 


Martensitic Forged Steel.......... 


Chill Cast White Iron 180 


180-200 


100 
168-185 


* Relative rates of wear on the large scale tests were 
Iculated on the basis of the consumption of balls 
per ton of ore ground to a given fineness. For the 
small scale tests the relative rates of wear are calcu- 
lated on the basis of weight lost per unit of surface 
area of the individual test balls in the same mill. 
s 


The agreement between the two types of 
testing is quite good. In the case of the test 
at Ajo, the correlation is better when we 


make allowances for the fact that the 
metal worn off each white iron ball during 
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the test was somewhat more wear resistant 
(because of the finer grain size near the 
chilled surface) than the remainder of the 
metal in the ball. 


SUMMARY 


1. By running marked balls in a ball 
mill along with a group of standard balls of 
known quality, it is possible to determine 
the relative merits of any type of grinding 
ball within a short time. 

2. Barring segregation, grinding balls 
wear in direct proportion to their surface 
area and therefore decrease in diameter at a 
constant rate. 

3. A matrix of martensite or low tem- 
perature bainite, plus retained austenite, 
has shown the best wear resistance of all 
the types studied. 

4. Spheroidized carbides enhance the 
wear resistance of a martensitic matrix. 

5. The test results indicate that re- 
tained austenite is not an undesirable 
component of the matrix structure provid- 
ing it is unstable enough to transform to 
martensite when cold worked. 

6. The wear resistance of steel balls 
improves with increasing carbon content 
provided it is not rejected as a grain 

_ boundary carbide. 
7. The prior austenitic grain size of 
steel balls does not appear to influence wear 
resistance. Since balls which have a fine 
austenitic grain size are less prone to frac- 
ture or spall from impact, such grain size is 
advocated for steel grinding balls. 

y 8. Alloying elements affect the wear 
z resistance of steel grinding balls indirectly 
through their ability to retard the rates of 

- austenite decomposition at subcritical tem- 
peratures. The selection of alloying ele- 
_ ments should depend upon their ability to 
_ develop the desired matrix structure under 
the conditions of heat treatment selected 
by the manufacturer. 

3 9. The metalloids sulphur and phos- 
_ phorus are undesirable constituents in all 
types of steel balls because they increase 
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brittleness, impair the hot working prop- 
erties of the steels, increase the tendency 
of a steel to quench crack, and decrease 
wear resistance. 

to. The primary massive carbides which 
are formed during the solidification of 
pearlitic white cast iron are, in general, 
detrimental to wear resistance. They are 
more harmful in sand cast than in chill 
cast balls. 

11. The spread between the perform- 
ance of a structure of good wear resistance 
and one of poor wear resistance will vary 
greatly depending on the mineralogical 
characteristics of the ore or abrasive in the 
ball mill and also to some extent on such 
factors as abrasive size, pulp density and 
degree of impact. It is therefore desirable 
to run short time ball tests in the same 
mills where their use on a large scale is 
being contemplated. 

12. Good correlation is obtained between 
results of short time tests and the results of 
large scale tests run over long periods of 
time. 
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DISCUSSION 


(C. Wells and M. Gensamer presiding) 


R. D. Hawortn, Jr.*—The present paper 
by Norman and Loeb, as well as those of Ellis 
which the authors mentioned, have been read 
with interest. The contribution of the authors 
in obtaining much needed accurate field test 
data is a definite step in the right direction 
toward greater knowledge of the little under- 
stood subject of abrasive wear. The writer has 
some comments that come to mind after read- 
ing the paper. 

The relatively poor life obtained with white 
and martensitic iron compared to the results 
in other types of abrasive service where impact 
is less of a factor has not been adequately 
explained. It would seem that some degree of 


. 


* Armour Research Foundation. 
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impact takes place in all ball mill operations 
and increases in severity as the size of the mill 
is increased with constant ball size. 

In Table 3, for example, three of the nine 
materials tested in the 9-ft mill at Climax, 
Colo., either broke or spalled. No breakage or 
serious spalling was reported in any mills 
smaller than 8 ft in diam. Apparently, there 
is a critical impact velocity or degree of impact 
below which spalling is not severe enough to be 
mentioned but it still may be a considerable 
factor in the weight loss of brittle balls. 

The suggestion is ventured by the writer that 
weight loss in ball mill service may be due to a 
combination of abrasion and impact. For 
tough alloy steels, abrasive wear may be the 
primary factor; for brittle materials, spalling 
due to impact may be a much more serious 
consideration. 

Therefore, information on the relative re- 
sistance to spalling under repeated impact 
should be of value in specifying materials for 
use in different size mills. In addition, knowl- 
edge of the resistance of the materials to pure 
abrasion (that is, without impact) would also 
be required. For the latter purpose, an ac- 
celerated abrasion testing device has been de- 
veloped at the Armour Research Foundation 
which has enabled predictions of field service 
results in several instances with considerable 
accuracy. 

The best value shown in the authors’ tables 
was an abrasion factor of 84 for sand cast 
Ni-Hard. Balls made of materials with equal 
or better abrasion resistance than that of 
Ni-Hard and with higher impact strength (a 
not unattainable combination) might provide 
greatly increased life even though such mate- 
tials might be basically less shock resistant 
than alloy steels. The impact involved is 
apparently not sufficient to work-harden 
manganese steel which, therefore, weal 
rapidly. 

The comment by the authors that high speed 
steels would seem to be of limited value appears 
to the writer to be valid only if the increased 
life, if any, is less than proportional to the 
increased cost. Actually, on the basis of 
abrasion tests in the Armour device, other 
high alloy, lower cost combinations offer much 
more promise than ordinary high speed | 
compositions. 


tx 


H. S. Avery*—Mr. Norman and the 
Climax, organization cannot be complimented 
too highly on this paper. So far as I know, it is 
the finest presentation of well-conducted field 
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DISCUSSION 


(Numbers by data points refer to 
items in AIME T.P 2319, Table 4) 
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validation of our laboratory wear tests are com- 
plicated by so many uncontrolled variables that 
the results are only qualitative; these which Mr. 
Norman has presented are quantitative. 


White Cast Iron 


(57h 
Cr-Ni 
Head) Cast Iron 


=> 
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3 
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® 
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120. 
Increasing curvature in this 
range attributed to the 


greater impact characteristic 
of the ball mill test. 
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{ 
tests on abrasion that has yet appeared in 
mining or metallurgical literature. 


_ It is particularly valuable because the field 
tests were well controlled. Most of those upon 
which we must depend for correlation with and 
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Fic 2—CompaRIsoN OF LABORATORY AND FIELD TESTS. 


It is encouraging to note how closely the 
laboratory and field tests check each other 
when both are carefully controlled and when 
the same variables are studied. Some years ago 
the American Brake Shoe Co. provided Climax 
with a group of cast 3-in, diam balls for their 
testing program. At the same time the labora- 


_ specimens 134 
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tory abrasion factors were determined. Com- 
parisons appear in Fig 2. 

The laboratory test apparatus is one that the 
American Brake Shoe Co. has had under study 
for about 18 years. It consists essentially of a 
flat, circular copper track 2 in. wide and 4 re 
in diam that acts as a lap. Against this, test 
>< 214 in. are held under a pres- 
sure of 38.5 psi while being moved at the rate 
of about 119 fpm for a total distance of 1.35 
miles. Abrasion is provided by submerging the 
wearing surfaces in a pulp that normally con- 
sists of 40 lb of clean quartz sand (grain fineness 
No. 50) and 30 qt of water. The specimen is 
worn in against the track to conform the sur- 
faces; cleaned, dried and weighed; and then 
subjected to the standardized abrasion as 
above in company with a specimen of an- 
nealed SAE-1020 steel. This standard is arbi- 
trarily assigned a factor of 1.00, just as Mr. 
Norman had given his martensitic forged balls 
a factor of 100. The data are reported in the 
same way, the abrasion factor being the loss in 
weight of the specimen under test divided by 
the loss in weight of the standard. However, 
the two standards, being of different materials 
represent different levels of abrasion resistance. 

The reproducibility of the results has been 
established by considerable testing of duplicate 
specimens. With uniform material the probable 
error is 0.02; that is, 50 pct of the time the 
abrasion factor will be within +o0.02 of the 
probable true value. The average of duplicate 
tests is expected to be within +0.02 about 3g 
of the time. 

In Fig 2 data for identical materials (the 
group of balls mentioned above, which have 
been designated by the item numbers in Table 
4) and for similar structures have been plotted. 
The evidence suggests that both tests are 
evaluating the same quality for the tougher 
materials and in the range of higher factors. 
Speculating, it is possible to attribute the in- 
creasing curvature toward the foot of the curve 
to the greater influence of impact in the ball 
mill on the more brittle alloys. Note that im- 
pact is absent in the laboratory test. 

Commenting on the performance of metallo- 
graphic structures, we find that pearlitic white 
cast irons, coarse pearlite, austenite, fine 
pearlite, and martensite are ranked in the same 
order by the two tests. If abrasives, other than 
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quartz, are employed further similarities are 
noted. The reversal of ranking noted (p. 517 of 
paper) when pearlitic steel and pearlitic white 
cast iron are tested against quartz and against 
feldspar is confirmed, the latter abrasive with 
a hardness of 6 on Mohs’ scale, giving a factor 
of 0.4 for the iron and 0.8-0.9 for pearlitic steels. 

The rate of wear is generally lower with softer 
minerals. The most severe abrasive that we 
have employed is crushed flint (chert from the 
Joplin mining district), which caused a weight 
loss (per hour) about twice that of feldspar and 
about 100 times that of dolomite, for man- 
ganese steel. . 

In mills it is possible for balls to wear by 
corrosion, by abrasion, and by spalling or 
chipping. Mr. Norman has discounted the 
first (pp. 497-498) and I believe that he 
has also confirmed the contribution of spalling 
to wear rates by his observations. This would 
explain why Ni-Hard, which in laboratory tests 
and in some field situations, will considerably 
outwear the other alloys, appears only slightly 
better than the martensitic and pearlitic ally 
steels. 

Our experience confirms this. In some mills 
Ni-Hard is successful as liners. In others it 
fractures and is uneconomical. Where this 
occurs, pearlitic steels may be substituted and 
usually perform well because of their greater 
toughness, and outwear austenitic manganese 
steel by a modest amount because of better 
inherent abrasion resistance. However, when 
impact increases further, as represented by 
conditions in crushers of many kinds, all 
these hardenable irons and steels are subject t 


unique in its ability to provide outstandir 
performance in such service. 


Mr. Haworth that the austenitic mangan 
steel did not work-harden and consequentl 
did not show its true abrasion resistance. y 
recognize that the unimpressive performance 0 
this alloy where impact is absent is usuall; 
attributed to lack of work-hardening. hi 
conclusion is repeated many times in ini 
literature. However, from our studies on 

material over a number of years, we are incli 

to question its truth. In our laboratory tes 
the abrasion factors tend to fall between 0.7, 
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that work-hardening will move them more than 
a few points out of this range. There may be 
some minor effect, but we currently believe that 
the reason manganese steel stands up well 
under impact, and thus has gained.its unique 
reputation, is based on its great toughness 
(ultimate tensile strength around 120,000 psi 
with about 45 pct elongation and 100 ft lb 
Izod), which renders it substantially immune 
to spalling, chipping, and other impact effects. 
It thus will exhibit its inherent abrasion re- 
sistance in the presence of heavy impact where 
other equally abrasion resistant materials wear 
or fail by other mechanisms. 


K. A. Dre Lonez*—I agree with Mr. Avery 


that the present authors are to be highly 


complimented on a well-written paper which is 
really a monumental work and adds a lot of 
knowledge to the field of abrasion resistance. 

In our work on martensitic cast irons we 
find that we are in pretty good agreement 
with most of the findings in this paper. We 
find austenite, martensite and low tem- 
perature bainite do give the best wear resisting 
structures. 

We also find that microstructure has the 
most important effect on abrasion resistance. 
We would like to emphasize the finding in this 
paper that massive carbides have a harmful 
effect primarily only in the pearlitic materials, 
because in martensitic materials there seems 
to be quite a bit of evidence that the presence 
of massive carbides is very helpful. 

For instance, the best figure shown in this 
paper for a martensitic white iron against a 
martensitic steel shows a superiority of about 
0.84 to 1.00. In a test now going on at Copper 
Cliff in our 614-ft diam ball mills, we are com- 


paring chill cast martensitic white iron against 


martensitic steel, and at the last report there 
was a ratio of superiority of 0.75 to 1.00 in favor 
of the martensitic white iron. 

In grinding of paint pigments (which are 


softer), we find that a martensitic white iron in 


many cases will double the life of a martensitic 
steel, I think that is in agreement with the 


“present observation of the authors that the 


spread of two. materials is exaggerated when 
soft materials are being ground. 
One point with which we are not in full 


* International Nickel Company. 
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agreement is the relative abrasion resistance 
of sand cast and chill cast martensitic white 
irons. The paper shows the sand cast varieties 
are superior. We believe in this case the superi- 
ority of the sand cast product is pretty well 
associated with impact conditions, because in 
most fields of industrial service involving 
abrasion resistance the chill cast materials are 
superior. We attribute this improvement to the 
refinement of the carbide size. 

We have another test going on at Copper 
Cliff at the present time, comparing sand cast 
and chill cast martensitic white iron balls. This 
test is not as yet completed but at the present 
time the chill cast ball is turning in a better 
performance than the sand cast. 

I think the work-hardening data would have 
been more enlightening if the hardness tests of 
the Vickers type had been used instead of 
Rockwell, since I believe this would have given 
truer indications of the hardness at the very 
surface (because of shallower penetration of 
the indenter). The inference of Table 7 is that 
a material with about 4 pct nickel has an 
austenite which is too stable to work-harden 
and, hence, gives an unsatisfactory wear re- 
sistance. However, in the case of martensitic 
white irons with nickel contents of 214 to 5 pct, 
we find that work-hardening is very pro- 
nounced. In many cases balls of this type that 
have come out of service have shown surface 
hardness from 850 to 900 Bhn. That was 
determined in terms of Vickers hardness. 


T. E. Norman (authors’ reply) —We wish to 
thank Mr. Haworth, Mr. Avery and Mr. De 
Longe for their discussion of this paper. We are 
particularly pleased to note that Mr. Avery’s 
experimental results are in close agreement 
with our own. 

In addition to our studies on balls, we have 
used our mining and concentrating operations 
at Climax as a field laboratory for wear tests 
on ball mill liners, classifier wear shoes, flotation 
impellers, pump runners, screen rods, mine 
car wheels, rock drill bits and a number of 
items of lesser importance. These studies, 
together with the experiences reported to us 
from other fields where abrasion resistant 
materials are used, have indicated to us that a 
rather definite dividing line can be drawn 
between the requirements of materials which 
pinch or crush mineral particles between their 
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wearing faces and the requirements of those 
exposed to freely suspended mineral particles, 
which brush or strike against the material 
without any pronounced crushing effect. 

Materials exposed to this latter type of abra- 
sion are definitely benefited by the presence of 
massive primary carbides, which apparently 
protect the matrix from wear. In such service, 
our experience has indicated that the micro- 
structure of the matrix is not particularly 
important as long as it is well protected by 
massive carbides. Chromium and molybdenum 
carbides appear to be particularly beneficial. 
Alloys containing 3 to 30 pet chromium, 3 to 
ro pct molybdenum and 1.5 to 3.5 pct carbon 
have shown outstanding wear resistance in 
parts such as sand pump runners, flotation 
impellers, spiral sand classifier wear shoes, sand 
classifier cone orifices, pug mill knives, and 
blades for the impellers on sand or shot blast 
machines. In all these classes of service, the 
abrasive is in free suspension and is not 
severely pinched or crushed. We believe this is 
the type of service which Mr. Haworth has in 
mind in his reference to the good wear re- 
sistance which has been obtained from white 
iron in “other types of abrasive service.” 

Where materials are used in abrasive service 
which involves pinching or crushing of hard 
mineral particles, the massive carbides in white 
iron compositions appear to offer little or no 
protection to the matrix. Materials which wear 
by pinching or crushing mineral particles in- 
clude grinding balls, ball mill liners, crusher 
rolls, cone and jaw crusher. liners, mine car 
wheels and the test specimens used in the 
laboratory wear test described by Mr. Avery. 
The similarity in the abrasive forces on grinding 
balls and those on the American Brake Shoe 
Laboratory’s test specimen probably accounts 
for the relatively good agreement in the order 
of merit developed by these two tests on 
various materials. 

In our wear tests on grinding balls, the de- 
gree of impact, or more possibly the localized 
maximum pressures, involved during the 
pinching or crushing of the mineral particles, 
is apparently responsible for the fact that the 
relatively hard massive carbides in pearlitic or 
austenitic white iron are unable to protect the 
matrix from wear when grinding hard minerals. 
They do protect the matrix to some extent 
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when grinding softer minerals such as the 
feldspars, as indicated by our tests and con- 
firmed by Mr. Avery. It should be recognized, 
we believe, that in grinding hard minerals the 
localized unit pressures involved during the 
pinching or crushing of the mineral particles 
are very high, since they are sufficient to 
plastically deform (as evidenced by indenting 
or scratching) microconstituents having a yield 
strength in excess of 300,000 psi. We suspect 
that it may be these high unit pressures, rather 
than impact, which cause a crumbling of the 
carbides at the wearing surface, thus making it 
impossible for them to protect the matrix from 
wear. Presumably, if hard carbides could be 
toughened and properly supported in a mar- 
tensitic matrix they should enhance the wear 
resistance of the material. In our tests in bal 
mills, however, it appears as if the unit pres- 
sures involved have been too great to make 
possible any noticeable benefit from the car- 
bides in Ni-Hard, although some benefit has 
been indicated in the results on item r in Table 
3, and in results reported by Mr. De Longe 
Data from several sources would indicate tha’ 
the wear resistance of martensitic white iror 
might be materially improved if the carbide: 
could be toughened by some means. This i: 
probably the objective which Mr. Haworth hac 
in mind when he mentioned materials witl 
equal or better abrasion resistance to Ni-Harc 
and higher impact strength. ‘ 
Mr. De Longe is surprised to note that sanc 
cast Ni-Hard was more wear resistant thar 
chill cast Ni-Hard in our tests. We also wer 
surprised by this result. One would naturalh 
expect the finer-grained carbides in chill cas 
Ni-Hard to be less susceptible to crumblin 
and, therefore, be more wear resistant than th 
coarse grained carbides in the sand cast prod 
uct. Possibly, the explanation for the poore 
wear resistance of the chill cast Ni-Hard lie 
in differences in the amount or stability of th 
retained austenite in the matrix of the tw 
irons. We are convinced that a matrix cor 
taining austenite can be over-stabilized by 4. 
pet nickel. Higher nickel contents than this i 
Ni-Hard appear definitely to over-stabilize th 
matrix. For instance, a 2.40 pct carbon, 0.8 
pet manganese, 6.27 pct nickel, 3.50 p¢ 
chromium chill cast Ni-Hard (not listed in th 
paper) gave an abrasion factor of 122 in grin 


oie 


= 
a 
mR 
a 
: 
% 
a> 


ee ee 


SR Oe ENE eS ee EEE Po 


ae 


DISCUSSION 


ing river sand at Golden and 115 in grinding ore 
in one of our primary mills at Climax. These 
factors are relatively poor for a Ni-Hard iron. 

The word “‘spalling’’ as used in this paper 
and by the discussers requires further clarifica- 
tion. Where we reported spalling, we imply the 
removal of the metal from the ball surface as 
visible pieces. Such spalling left rough surfaces 
or indentations on the balls, and was easily 
observable without a microscope. Mr. Haworth 
has mentioned that other spalling may have 
occurred which was not severe enough to 
mention. If such spalling did occur, it was 
microscopic in nature and probably produced 
particles which had dimensions about equal to 
that of the individual carbide grains. We 
believe it might be better to refer to such spall- 
ing as crumbling of the carbide grains. Unless 
definite macro-spalling was reported, the balls 
in our tests came out of the ball mills with 
surfaces which could be considered as having 
a dull polish. 

The degree of impact in ball mills and the 
influence of this impact on balls apparently 
require further clarification. No large impact is 
involved when individual balls collide. It is 
probably of the order of only a few foot-pounds 
of energy. Moving pictures of the action in a 
ball charge indicate that many of the contacts 
between balls involve only a rolling or pinching 
‘action with practically no impact. Our calcu- 
lations on the energy input per unit of surface 
of a ball charge indicate that for commercial 
mills it is only about 0.15 ft-lb per sq in. of ball 
surface per sec in some of the smaller, slow 


~ speed mills and 0.4 ft-lb per sq in. per sec in the 


larger high speed mills such as our 9-ft mills at 
Climax. It would appear, therefore, that it is 


- the countless occurrences of high unit pressure 


and plastic deformation on very small areas of 
each ball which are responsible for the work 
hardening of ball surfaces. There are also indi- 
cations that this work hardening at the surface 
is responsible for the introduction of high 
residual stresses which eventually cause some of 
the more brittle types of balls to break or spall 
by rupturing outward from their interior. 

’ With reference to Mr. Haworth’s statement 
that the service in ball mills may not be suffi- 
cient to work harden manganese steel, the 
austenitic manganese steel balls which we 
tested did work harden on their surface to 
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values ranging from 35 to 54Rc though no 
transformation to martensite could be detected 
in this work hardened zone. We suspect it is 
this inability of austenitic manganese steel to 
transform to martensite, when work hardened, 
which is responsible for its relatively poor per- 
formance in grinding balls. 

The diameter of ball mills as mentioned by 
Mr. Haworth is not the only factor influencing 
ball breakage. The peripheral speed of a mill, 
the liner contour, and the viscosity or density 


-of the pulp in which the balls operate are some 


important factors influencing ball breakage. We 
believe the energy input per unit of ball surface 
area is an important factor influencing ball 
breakage. This factor, in turn, is controlled by 
the size and weight of the balls in a mill charge, 
by the mill diameter, and by its speed of rota- 
tion. It may be worth while to note that by 
running our 3-ft diam test mill at Golden with a 
low pulp level and low pulp viscosity we can 
break brittle balls as fast or faster than these 
same balls would break if used under normal 
operating conditions in our g-ft mills at 
Climax. 

The rate of wear also appears to influence 
the breakage and spalling of balls. In the pri- 
mary compartment of mills grinding cement 
clinker, where the rate of wear on balls is low, 
the continual pounding without much metal 
removal apparently produces a highly stressed 
condition in the balls, since brittle balls used in 
this service are quite prone to spalling and 
breakage. For instance, the cement mill at 
Portland, Colo. (see Table 3), produced very 
severe spalling or breakage on numerous types 
of balls in spite of the fact that it operated at a 
relatively low peripheral speed. 

In closing this discussion, we should like to 
emphasize again that: the matrix structure 
appears to be the primary factor in determining 
the wear resistance of grinding balls. A matrix 
of martensite or low temperature bainite, plus 
retained austenite, has shown the best wear 
resistance of all types studied. The value of 
such a matrix has been demonstrated for both 
steel and white iron compositions. This general 
rule has been further confirmed in some tests 
which have been run recently on martensitic 
gray iron balls in which the martensitic iron 
has shown surprisingly good wear resistance, 
despite the presence of graphite, which we nor- 
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ie mally consider quite harmful in grinding balls. 
Further investigations on gray irons of this 
type are in progress. 

If further improvement in the wear resistance 
of ferrous grinding balls is to be attained, it 
would appear to lie in the development of 
microstructures in which a high carbon matrix 


: ~ ot Dua 
of martensite or low temperature bainit 
retained austenite, is filled with hard pro 


or crumbling in normal ball mill se 
Mr. Haworth has stated, such a comb 
may not be unattainable. 


eee vee ee eRe 


hk Shee 


AN 


4 
¥ 
3. 

©. 
5 


Behavior of Metal Cavity Liners in Shaped Explosive Charges 


By Grorce B. CrarK* AND WALTER H. BRrucKNER,| MEmBEers AIME 


(New York Meeting, March 1947) 


SINCE the end of World War II interest 
has been increasing in the use of shaped 
charges in the mining industry and in other 
industries using explosives for blasting 
purposes. Shaped charges employ the 
principle known as the “Munroe effect,” 
which was discovered by Charles E. Mun- 
roe more than 50 years ago (in 1888). 
Details of their design have been explained 
elsewhere.!:23 Fig 1 shows the essential 
features of design of two types of shaped 
charges (with conical and hemispherical 
cavities) and a schematic sketch of their 
action upon detonation. 

The following discussion deals with the 
behavior of the metal in the cavity liners 
when they are subjected to intense pres- 
sures exerted when the explosive charge is 
detonated. Among the conclusions reached 
in research on shaped explosive charges, 
the following have been established con- 
cerning cavity liners:'” 

1. The optimum wall thickness of a 
conical cavity liner is dependent upon the 
apex angle of the cone as wellas on the base 
diameter of the charge. Acute apex angles 
require thinner walls for optimum per- 
formance and more obtuse angles require 
thicker walls for the same base diameter. 

2. Cones were more effective in forming 


Manuscript received at the office of the 
Institute Dec. 16, 1946. Issued as TP 2158 in 
Mptats TECHNOLOGY, Aug. 1947 and MINING 
TECHNOLOGY, May 1947. 

* Assistant Professor of Mining Engineering, 
University of Illinois, Urbana, Tilinois. 

+ Research Assistant Professor of Metallurgi- 
cal Engineering, University of Illinois. 

1 References are at the end of the paper. 


a penetrating jet when the walls were 
tapered; that is, the thickness of the wall 
of the cone increased from the apex down. 

3. The physical and mechanical proper- 
ties of metals have a marked effect upen 
their performance as cavity-liner material. 
Boiling point, ductility, malleability, ten- 
sile strength, and hardness are among the 
properties that influence the effectiveness 
of a metal used as a cavity liner. Lead, for 
example, makes a wide, flat crater in steel 
plates. Aluminum makes a deeper crater 
than lead, and an aluminum alloy having 
a high tensile strength makes a deeper hole, 
but slightly smaller in diameter. Cast iron 
makes a deep, narrow hole. 

These findings, together with the follow- 
ing analysis under Metallographic Survey 
of Slug, offer solutions to many of the prob- 
lems involved in solving the mechanism of 
the formation of Munroe jets. 

It has been fairly well established that 
cavity liners collapse in a manner similar 
to that indicated in Fig 2. Conical liners 
are known to collapse upon themselves 
while hemispherical liners are believed to 
turn inside out in the process of jet forma- 
tion. The first has been definitely proved 
by recovery of collapsed portions of cones, 
while liners from partly detonated charges 
show that hemispheres may turn inside out. 
Fig 3 shows a sketch of a recovered slug 
from a 6-in. shaped charge using a 4 5° cone 
made of cast iron. (This size of charge 
drilled holes up to 3 ft in depth in solid 
granodiorite.) 
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JET OF METAL CAVITY: 
FRAGMENTS 
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FRAGMENTS 


Fic 1—SKETCHES OF SHAPED CHARGES WITH (a) HEMISPHERICAL AND (6) CONICAL CAVITIES 
SHOWING MECHANISM OF FORMATION OF MUNROE JET.! 


77" GOLLAPSING SS\ DETONATION a COLLAPSING CONE 


we HEMISPHERE 


\y DETONATION 
‘ WAVE FRONT. 


Fic 2—DIAGRAMMATIC SKETCH OF COLLAPSE OF CAVITY LINERS SHOWING APPROXIMATE POSI- 
TION OF DETONATION WAVE AND FORMATION OF JETS FROM REGIONS OF GREATEST COMPRESSION IN 
THE METAL. 
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METALLOGRAPHIC SURVEY OF 
CAST-IRON SLUG 


The cast-iron slug was sectioned on a 
diametral plane through the original axis 
of the cone. This plane of metal received a 
metallographic polish and was etched with 
5 pct nital to give the macrograph in Fig 4 
at a magnification of approximately 216 
diam. 

A piece of the original iron casting from 

which the cast-iron cone had been made 
was also available. It was polished and 
etched to observe the original microstruc- 
ture of the slug. A typical representation 
of this microstructure is shown in Fig 6. 
The structure shows the presence of 
straight-sided masses of graphite from 
which graphite flakes radiate (type C, 
ASTM). There appears to be little or no 
free ferrite, thus the microstructure con- 
sisted mainly of pearlite and graphite. 
However, it was reported that the cone 
had been heated after machining to a 
cherry red (temperature approx. 1400°F) 
and furnace-cooled. There was no speci- 
men available to determine the effect on 
the microstructure of the heat-treatment 
given the iron. The structure of the recov- 
ered slug near the top outer edges and other 
portions representing regions of least plastic 
deformation are comparable with the 
microstructure shown in Fig 6, thus the 
heat-treatment was ineffective in producing 
any major change in microstructure. 

A survey of the microstructure on the 
entire plane of polish of the slug illustrated 
in Fig 4 was made. A record was made of 
characteristic regions at a magnification 
of 100 and soo diam. In Fig 5 a copy of 
Fig 4 is given with circled areas, which are 
lettered to correspond with the micrographs 
that follow in Figs 7 to 14. The micro- 
graphs are oriented the same as Fig 5 with 
respect to top and bottom and were taken 
in the circled regions shown in Fig 5. 

Fig 7 shows a region at the center, top of 
the slug, which had suffered considerable 
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plastic deformation, as indicated by the 
“lining up” of the graphite flakes. Where 
the largest amount of flow or deformation 
took place, shown at the right side at the 


EXPLOSIVE PRESSURE 


SLUG 


Fic 3—COLLAPSED SLUG FROM SIX-INCH 
CAST-IRON CONE AND PORTION OF ORIGINAL 
CONE FROM WHICH IT CAME. 

Pressure is represented by arrows normal to 
the surface and curves inside the cone are 
probable paths of particles from the inside sur- 
face of the cone. 


bottom of Fig 7, the graphite was sur- 
rounded by free ferrite and the pearlite 
areas were compacted. Fig 8 shows the 
manner in which the flow took place in this 
particular region. In the area in the lower 
right-hand _ side of Fig 8, the graphite, 
pearlite and ferrite are compacted into 
flow layers adjacent to a region of prac- 
tically undisturbed lamellar pearlite at the 
top left. The structure at the right consists 
of free ferrite, graphite and compacted 
pearlite. Fig 9 shows a region in which the 
center field has a large amount of ferrite 
from which the graphite was almost com- 
pletely removed. The ferrite shows a new 
granular structure resulting from recrystal- 
lization and the pearlite is distributed 
throughout as a fine dispersion. The pearl- 
ite in the surrounding areas appeared to 
have been partially spheroidized. The 
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Fic 4—CAast-IRON suc. X 214. 


recrystallization of the ferrite and the 
partial spheroidization of the pearlite indi- 
cate that a temperature in the neighbor- 
hood of 1300°F was attained in the 
particular region. 

Figs 10, 11, and 12 show a series of 
micrographs that form a sequence along 
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a horizontal line shown in Fig 5. The 
sequence is shown by the deformation of 
the ferrite in Fig 10, the partial recrys- 
tallization of the deformed ferrite in 
Fig 11 and the complete recrystallization 
of the ferrite and the partially spheroidized 
pearlite in Fig 12, The sequence suggests 
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that a temperature gradient may have 
been established in the slug with the 
temperature maximum along the center 
line of the slug and with the maxima 
increasing from top to bottom of the slug 
shown in Figs 4 and 5. It was also observed 


that in going toward the center of the . 


slug the microstructure progressively con- 
tained less graphite, while in the central 
area of the slug the graphite appeared 
to have .been squeezed out into large 
areas of agglomerated, practically pure 
graphite. In the sequence of Figs 1o, 
11, and 12 the direction of flow pro- 
gressively changed until, as in Fig 12, it 
was almost parallel with the axis of the 
original cone. 

Figs 13 and 14 show the microstructures 
near the bottom of the slug. Fig 13 shows 
a region that consists of recrystallized 
ferrite and recrystallized pearlite plus 
some graphite, while Fig 14 shows only 
recrystallized ferrite and spheroidized pearl- 
ite plus graphite. The areas of recrystal- 
lized pearlite in Fig’13 must have attained 
a temperature considerably in excess of 
1300°F, below which temperature the 
deformed ferrite alone will recrystallize. 

Near the bottom of the slug there 
were a number of fractures along the 
direction of flow. The fractures invariably 
went through areas of graphite that 
represented planes of weakness. 

The extreme ductility exhibited by the 
interior regions of the slug is unusual 
for a gray cast-iron composition representa- 
tive of the cone material. In tension the 
gray iron is notoriously a material of 
low strength and brittleness. Under the 
compressional stress of the shaped charge 
and the rapid application of the stress, 
the ductile behavior of the cast iron 
may have been enhanced by the heat 
developed internally by friction. 


COLLAPSE OF Cavity LINER 


If it is assumed that approximately 
25 pct of the cavity liner was ejected to 


form the jet, Fig 3 shows the approxi- 
mate length of the original cone that is 
represented by the slug. The macroscopic 
flow structure indicates that the paths 
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Fic 5—SLUG WITH AREAS LETTERED TO 
CORRESPOND WITH MICROGRAPHS OF FIGURES if 
To 14. X 214. 
of the grains remaining within the slug 
are hyperbolic in shape; that is to say, 
the grains appear to have been acted 
upon by two forces, one perpendicular 
to the wall of the original cone and one 
parallel to the axis of the cone, the velocity 
due to the latter increasing in magnitude 
as the cone collapsed and the velocity 
due to the force normal to the surface 
being changed into a velocity parallel 
to the axis. 

The kinetic pressure against the outside 
of a liner is caused by the intense bom- 
bardment of molecules of the explosive 
gases. These molecules probably do not 
penetrate more than one or two atomic 
layers into the surface of the metal liner. 
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Fic 6—Typican MICROSTRUCTURE OF METAL FROM WHICH SLUG WAS MADE. X 500. 
FIG 7—REGION AT CENTER TOP OF SLUG. X I00. : 
Shows lining up of graphite flakes. Right bottom, graphite surrounded by free ferrite and pearlite 
areas. - c 
Fic 8—MANNER OF FLOW IN REGION AT LOWER RIGHT OF FIGURE 7. X 500. 


Free ferrite, graphite and compacted pearlite at right. 


Original magnifications given. Reduced one fourth in reproduction. 
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Their intense impact pressure, however, 
causes the wall of the liner to be forced 
in toward the axis of the cone. A study 
of the microstructure of the collapsed 


properties of the metal, together with 
wall thickness, type of explosive, and 
other factors. 

Microscopic ‘examination of the col- 


Fic 9 —FERRITE FROM WHICH GRAPHITE WAS ALMOST COMPLETELY REMOVED. X 500. 
Original magnification given. Reduced one fourth in reproduction. 


slug of cast iron (Figs 4 to 14) shows 
that the more malleable constituents of 
the iron have been literally squeezed 
into a new structure in the direction of 
the axis of the slug. The total picture 
of the mechanism of jet formation then 
must include the effect of the impact of the 
explosive gases plus the compressive 
forces set up in the metal. It was con- 
cluded that in a cone the grains are in 
effect acted upon by two sets of com- 
pressional forces. The structure of the 
cast iron in Figs 4 to 13 would lead to 
the same conclusion; that is, that compres- 
sive forces in the collapsing liner cause the 
ejection of particles from the inside 
surface, and these particles travel in 
hyperbolic paths asymptotic to or coin- 
cident with the axis of the cone. ; 
The laws that govern the division of 
liner material into slug and jet are not 
quite clear. The contact angle of impact 


of the collapsing walls would have a 


marked influence on the separation as 
well as the: physical and mechanical 


lapsed slug of cast iron shows. that the 
metal near the center of the slug reached 
much higher temperatures than the metal 
near the outside. At the center of the slug 
the metal is very fine grained, grains 
of one and two microns in diameter 
being very common. As a cone collapses 
the metal on the inside “layers” of the 
cone wall, which is the metal that goes 
to form the jet and the center of the 
slug, are subject to greater heat of deforma- 
tion than the outside layers of the cone. 
The internal heat of friction of these 
layers is greater than that for the outside 
layers, with a resulting higher temperature 
and greater fluidity (plasticity) in the 
center. : 

The mechanism involved probably could 
be described as ‘extrusion through a 
gradient orifice”; that is, the collapsing 
cone furnishes the extruding agent, the 
extruded material and the “orifice” 
through which the material is forced. 
We would have, in effect, a syringe with a 
self-contained moving conical metal ‘‘bulb” 
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Fics 1o-12—SERIES OF MICROGRAPHS ALONG HORIZONTAL LINE IN FIGURE 5. X 500. 
Fig 10, deformation of ferrite. 
Fig 11, partial recrystallization of deformed ferrite. a 
Fig 12, complete recrystallization of ferrite and partially spheroidized pearlite. 
Original magnification given. Reduced one fourth in reproduction. 
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subject to compressional forces normal 
to its walls. The “bulb” consists of metal 
of increasing fluidity from the outside 
to the axis, owing to the temperature 
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sides of the “bulb,” the whole process 
moving progressively down the axis of 
the cone. The velocity of the jet with 
respect to a fixed point would then be 


Fics 13 AND 14—MICROSTRUCTURES NEAR BOTTOM OF SLUG. X 500. 
_ Fig 13, recrystallized ferrite and recrystallized pearlite, plus graphite. 


Fig 14, recrystallized ferrite and spheroidized pearlite plus graphite. 
Original magnification given. Reduced one fourth in reproduction. 


gradient established by explosive pressure. 
The “orifice” consists of a partially 
constricted channel made by the flow of 
metal toward the axis of the cone, the 
metal having reached a temperature and 
state of fluidity just below that of the 
metal in the “bulb.” The reservoir of 
fluid metal is constantly fed from the 


equal to the velocity with which the 
metal is fed into the “bulb” plus the 
velocity of the point of contact of the col- 
lapsing walls. 

From results of experimentation, it 
appears there is a relationship between 
the cavity-liner wall thickness and the 
momentum of the jet. As wall thickness 


. 
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is increased from zero, the penetration 
effect of the jet increases also until an 
optimum thickness is reached, after which 
the penetration of the jet decreases as the 
walls become thicker. Then, based upon 
the conception of collapse described above, 


- the property of cohesiveness of the metal 


also seems to be an important factor in 
determining the suitability of a metal 
for cavity liners. 

When the cavity walls are too thin, 
apparently they do not possess the neces- 
sary mass to form both an “orifice” and a 
“bulb” and to furnish a quantity of 
plastic material to form the jet. Hence, 
jets from thin liners possess relatively 
low momentum. On the other hand, 
when the wall is thicker than optimum 
it offers too much resistance to the trans- 
mission of the energy of the explosion. 
As wall thickness increases above the 
optimum relatively less and less material 
goes into the jet, and if it is increased 
until the entire cavity is filled with metal 
the total mass would move forward with 
a velocity lower than the velocity of 
detonation. 

The optimum thickness of a conical 
cavity liner probably would also vary 
according to the physical and mechanical 
properties of the metal employed. 


THEORY OF JET FORMATION 
FOR HEMISPHERES 


The mechanism of jet formation in 
hemispherical cavities is not as clearly 
defined as it is in conical cavities. Slugs 
from hemispherical charges have not been 
recovered in complete enough form to en- 
able metallographic studies to be carried 
out on them. If hemispherical cavity liners 
are regarded in the same manner as conical 
cavity liners with reference to the ratio of 
mass of the jet to the mass of the liner, and 
the accompanying relationships between 
pressure, velocity, and energy, the same 
theory should apply in both cases. 

In the case of cones it appears certain 


that the particles that form the jet are 
ejected by compressional forces. The same 
probably is equally true of hemispheres. At 
the time when the detonation wave strikes 
a hemisphere, the inside layers at the apex 
are subject to compressional forces. As 
collapse proceeds, the region of compres- 
sional forces moves down the inside of the 
liner until collapse is complete (Fig 2). If 
the liner turns inside out the portions of the 
metal that were subject to compression are 
in turn subject to tensional forces. It is from 
the regions of compression that the jet par- 
ticles must emerge. The region of compres- 
sion would be composed of a symmetrical 
section of the hemisphere, beginning as a 
point and widening into a larger and larger 
circle as the process of collapse advances. 
The particles would then be ejected normal 
to the surface, which would focus them 
along the axis of the cavity to form the jet. 

Apparently the particles thus squeezed 
out move parallel to the axis of the hemi- 
sphere. This is assumed for the following 
reasons: Cast-iron hemispheres? 
holes of relatively small diameters in steel 
plates, while more ductile metals make fun- 
nel-shaped holes with a diameter at the 
first plate almost equal to the diameter of 
the hemisphere. This would lead to the be- 


_lief that with cast-iron hemispheres the 


process of collapse is interrupted if not 


terminated by rupture of the liner while 


collapse is only partially complete. For 


make 


more ductile metals the process of collapse — 


probably continues down the entire height 


of the liner, the lower portions of the liner — 


provide a wide jet, which has less penetrat- 


ing force per unit area and only acts to 
widen the hole already produced by the 
portion of the jet emanating from the upper 


portion of the cavity liner. From the present a 


ei 


nt 


concepts it appears that jet impact effects — 


for a given explosive vary over a small 


range for corresponding relatively large — 


changes in the apex angle in cones. Jets 


from acute-angle cones may penetrate i 


deeper because of the greater length (or the — 
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greater period of duration) of the jet. It is 
believed, however, that increased penetra- 
tion is not caused only by increased jet 
velocity due to a change in the apex angle 
of the cone but that other factors enter in as 
well. 


EXPLOSIVE FORCE AND STRUCTURE OF 
METAL IN LINER 


A description of the metallographic 
changes in the microstructure of a cast-iron 
liner from a 6-in. shaped charge has been 
given. The time required for the com- 
plete deformation of the cone was in the 
neighborhood of to or 15 microseconds, 
taking the velocity of detonation of too 
pet blasting gelatin as 26,200 ft per sec. 
This ultra-high-speed deformation involv- 
ing high pressures applied at velocities that 
are extremely high in comparison with 
metal deformation under ordinary condi- 
tions had the effect of making the cast iron 
ductile enough to flow quite readily. 

The essential changes that have taken 
place in the iron of the slug from surface to 
axis range from a limited amount of de- 
formation at the surface through a phase of 
more complete deformation, recrystalliza- 


tion of ferrite and agglomeration of | 


graphite to an area of partial spheroidiza- 
tion in the region of the axis of the slug. 
Considering the microstructure of the 
slug in terms of the mechanics of jet 
formation, there are a number of elements 
that may be given consideration. The forces 
acting on the liner during the explosion are 
represented by vectors of equal magnitude 
in Fig 3. The only upward force of any 
magnitude would be one due to the inertia 
of the slug itself. Hence, the forces involved 
are mostly compressional forces or those of 
shear. Microscopically, flow structure varies 
in character from irregular multidirectional 
undisturbed patterns to relatively straight 


_ lines in regions of shear and greatest flow. 


Fig 8 represents a region of. differential 
flow; that is, the ferrite and the graphite 
in the right two thirds-of the photograph 


have been subject to flow while the 
pearlite in the upper left seems relatively 
undisturbed. 

In addition, there is an almost complete 
welding of the grains of the cast iron along 
the axis of the slug. At the axis, too, the 
particles of ferrite and the pearlite colonies 
are very fine, portions of the ferrite being 
recrystallized. The grain size of ferrite 
increases toward the outside of the slug 
and the amount of recrystallization of the 
ferrite decreases. 

Well-developed shear planes are shown 
in Figs 9 and 11, the upper section in each 
case showing greater relative motion to- 
ward the axis of the slug. This is clearly 
indicated by the drag on the lower block of 
metal at the lower left side. The process of 
collapse apparently involved the movement 
of rigid colonies of pearlite in a ‘viscous 
medium” of ferrite and graphite until por- 
tions of this flowing heterogeneous mass 
reached the vicinity of the axis, where it 
was probably pulverized or partially 
spheroidized to form a Munroe jet. The 
fine-grained iron in Figs 12 and 13 un- 
doubtedly represents the approximate type 
of material that goes to form a jet. This 
would be composed, then, of a very high- 
velocity spray of fine graphite and fine 
particles of ferrite and pearlite. 


SUMMARY AND CONCLUSIONS 


1. A theory based upon the microstruc- 
ture of a collapsed cast-iron cone is offered 
to explain some of the physical laws in- 
volved in jet formation. 

2. A study of the microstructure of a 
collapsed cavity liner shows that cast iron 
is ductile under conditions of temperature 
and pressure involved and indicates that 
jets from cast-iron liners are composed of a 
fine spray of graphite, partially spheroi- 
dized pearlite and ferrite. 

3. Collapse of cast-iron conical liners 
appears to involve processes of compres- 
sion, shear, and extrusion of particles from 
the inside of the liner. 

4. Jet formation from cones also involves 
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flow of metal subject to intense pressures 
and temperatures that are below the melt- 
ing point of the metal. The metal appears to 
_ obey the laws of hydraulic flow. 
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DISCUSSION 
(S. Epstein and R. D. Chapman presiding 


F. W. ScHonrertp*—I should like to ask the 
authors if they have any data on a change in 
chemical analysis of these slugs, since under the 
intense pressures developed the equation of 
state may be considerably altered so that the 
equilibria are completely changed. The method 
of the authors would seem to be a very 
interesting tool for developing a knowledge of 
these relationships. 


W. H. Bruckner (authors’ reply)—Do I 
understand that you wish me to discuss the 
question of a change in chemistry? 


F. W. Scuonretp—Yes. 
W. H. BrucKNER—Due to the oxidation? 


F. W. ScHonretp—Yes, for example, a 
change in carbon content. 


W. H. BruckNer—As far as we know the 
slug remains.a solid except for some material 
at the end and interior of the slug where the 
jet is produced. The explosion of the charge 
and the formation of the jet are reported to take 
place within 449 of a microsec. There are 
oxidizing gases in contact with the exterior of 


* University of California, 


Los Alamos, 
New Mexico. 


the slug during this short time which could be 
responsible for loss of carbon from the surface 
region of the slug. However the surface of the 
slug appears to have the same carbon content 
as the interior thus indicating a negligible loss, 
if any, due to oxidation. No chemical analysis 
was made for carbon or other elements in the 
recovered slug. 


E. E. Toum*—I hesitate to make any com- 
ment on this because ballistics is something 
about which I know nothing. The bazooka, 
however, is an extraordinarily fascinating 
thing. I know that anyone who ever saw it 
punch a smooth hole in hardened armor plate 
could not believe his eyes. Had he not known 
anything about the “‘ Munroe Effect” he would 
have gone away thoroughly mystified as to 
what was going on. 

The micrographs exhibited in this paper 
apparently suggest some instantaneous metal- 
lurgy. With due humility, I suggest that this 
slug under study might within a few thou- 
sandths of a second in which it was forming— 
have passed through a powdery condition and 
that the slug itself represents a reconsolidation 
of the fragments. 

From the explanation of the jet already 
given here, I take it that very small particles 
of metal are blown away from the interior 
lining of the cone and go out as incandescent 
solids as a part of the jet. Is it not possible that 
some portion of this material striking against 
other particles would reconsolidate and form a — 
sizable portion of this final solid slug? Under — 
this supposition it is not too hard to explain — 
some-of the elongated particles observed. The 
flow of cast iron or any other material, under 
such conditions of temperature and pressure, is 
wholly to be anticipated. 

A very interesting thing is the apparent 
change in carbon content from the original 
structure of the cone to that possessed by the 
slug. It ought to be very easy to analyze by 
microchemistry or other means small regions of 
this slug and actually find out the actual carbon 
content. : 

If fragments of cast iron act as indicated 
above there should be a considerable amount of 
carbon oxidized almost instantaneously. Car- 
bon diffusion and reaction are very rapid in hot 
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steel. Metallurgists generally forget that fact, 
particularly when we specify that a steel should 
be heat treated one hour for every inch of 
cross-section. 


W. H. BruckNER—We wish to thank Mr. 
Thum for his interesting discussion. Professor 
Clark was fortunate in his choice of cast iron 
for the cone of the shaped charge which be- 
came the recovered slug, because with cast iron 
a metallographic study of plastic flow became 
possible. In the bazooka slug the structure is 
mainly ferrite and flow structures are not as 
easily identified as with the cast iron. © 


S. Epstern—I think a wrong impression 
has been given here that cast iron-is always 
brittle. The fact is that if the gray cast iron 
is heated to hot rolling temperatures it can 
be rolled. It is possible to hot roll a sheet, for 
example, out of gray cast iron at a rolling 
temperature of about 1800°F. 

Professor Clark remarked that he found noth- 
ing in the metallurgical literature describing 
the flow of cast iron. True, cast iron is brittle 
and will not flow at room temperature, but 
when heated to a red heat it will flow as is 
evident from the fact that it can be forged and 
rolled. 


W. H. BruckNer—There is in the literature 
a report on the rolling of white, cast iron. Mr. 
D. P. Forbes in an article entitled ‘‘ New Cast 
Trons Heat Treated, Rolled” published in Metal 
Progress, 33, Feb. 1938 p. 137-142, described 
his successful efforts to hot roll the cast iron. 
In the liner of the shaped charge the high rate 
of deformation produced enough heat to cause 
the solid material to flow easily and form the 
slug which was recovered. The temperature 
gradient established in the slug probably ranged 
from the high temperature of the liquid forming 
the jet to the lowest temperature on the ex- 
terior surface. In the absence of actual tem- 
perature measurements it was assumed that 
wherever ferrite was recrystallized the tem- 
perature must have been 1300°F or less and 
where the pearlite was recrystallized the tem- 
perature must have gone above 1300°F. 


F. W. ScponrELD—Now that brings us back 
to the original point. You say we can, because 
of the relationships of the microconstituents, 
eliminate temperature as an unknown factor. 


The point I originally tried to make was that 
under such terriffic pressures we do not know 
what microconstituents or phases would be 
present, and that therefore attempts to utilize 
the well-known and ordinary microstructural 
arrangements may be quite misleading. It is 
conceivable that another crystal phase of iron 
might exist under terriffic pressure, as in the 
well known case of ice. 

A change in chemistry will, of course, result 
in a change of microstructure, but extremely 
large pressure changes might also be respon- 
sible for certain differences. 

In addition, I do not believe that one should 
assume that the temperature must have been 
less than 1800°F because the ferrite has not 
uncrystallized. Of course pressure shifts the 
ferrite-austenite transformation temperature 
downward, but it is likewise true that Ac points 
are shifted upward by rapid heating. It is also 
true that ferrite can recrystallize as ferrite at 
considerably lower temperatures, but perhaps 
the pressure-temperature cycle is so brief in 
this case that recrystallization does not occur. 


W. H. BruckNer—We agree with the last 
speaker and will say that in the absence of 
actual measurements of temperature, pressure 
and rate of deformation the temperatures 
stated in the paper are an erroneous assumption 
based on conventional metallurgy in which 
pressure is considered invariant at 760 mm. At 
high pressures such as are encountered in firing 
the shaped charge the known phase relation- 
ship of the equilibrium diagram in conventional 
metallurgy may be changed considerably. It is 
also possible that a high temperature existing 
for a short period will give a metallographic 
product which has the same characteristics as 
the product resulting from a longer duration at 
a lower temperature. The last speaker has 
emphasized the fact that the metallurgy of the 
shaped charge slug is not the conventional] 
equilibrium metallurgy and we appreciate his 


~ comments as an indication of the complexity 


of the problem of determining the desired 
values of temperature, pressure and speed of 
deformation. 


G. B. Crark and W. H. Bruckner (authors’ 
closure)—The authors are pleased to have had 
the evident interest of the various discussers in 
the problems presented in the paper. Our 
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knowledge of nonequilibrium, dynamic metal- 
lurgy at high pressures and temperatures is 
limited in scope. When this unknown field is 
further complicated by plastic action at ex- 
tremely rapid flow rates the problem becomes 
one in which conjecture must lead the way to 
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carefully prepared procedures in wh 
constants of the reactions involved m 
determined. The work is now in this stage 
the possibility of the determination of ene 
pressure and temperatures resulting from th 


studies. ? 
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Note on the Distribution of Sulphur between Molten Iron and Slag* 


By TERKEL Rosenovistt 


Few subjects in iron metallurgy and 
steelmaking have caused so much discus- 
sion and have resulted in so many divergent 
and partly contradictory statements as the 
theory of the distribution of sulphur be- 
tween molten iron and slag. An interesting 
survey of the different points of view is 
given by Grant and Chipman.! 

Grant and Chipman themselves con- 
clude in their paper that, at least in the 
open hearth and electric steel furnaces, the 
governing reaction is a simple distribution 
like: 

FeSsteet — FeSsiag 
MnSsteel xs MnSoisz 


[ra] 


and [rb] 


They conclude that no significant reaction 
takes place according to the more classical 


scheme: 
Bestel + CaOstsz —= FeOusg =F Caisyes [2a] 


This is the reaction which is regarded by 
most investigators as the primary sulphur 


- reaction in the blast furnaces, where it is 


accompanied by the reaction with carbon: 
The writer suggests an alternative to the 


reactions mentioned above. 
It is the opinion of the writer that the a 


priori assumption of defined molecular 


compounds being present in molten steel 


2 as well as in molten slag, has retarded 
rather than promoted a solution of the 


sulphur problem. 


*TIssued as Technical Note No. 7, METALS 


_ TecHNOLOGY, October 1948. Manuscript re- 


ceived at the office of the Institute August 13, 


1948. : 
+ Instructor, Institute for the Study of 


- Metals, University of Chicago. 


1 References are at the end of the note. 
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As for the constituents of molten steel, 
it is taking too much for granted to men- 
tion the presence of FeS and MnS. If this 
infers that the melt contains diatomic 
molecules, the statement must be made 
that at least such molecules do not exist in 
the solid state at room temperature. Solid 
FeS crystallizes in the nickel-arsenide struc- 
ture, and MnS (high temperature form) in 
the sodium-chloride structure. In these 
structures the sulphur is surrounded by six 
metal neighbors, and no molecular groups 
can be isolated. When sulphur is dissolved 
in molten steel, it is expected to maintain 
the same coordination number as in the 
solid state. 

We know that sulphur in steel has a 
certain chemical potential and a chemical 
activity which can be expressed by the 
reaction: 


Sateel =P He tae H2S 


where the activity A, is proportional to the 
If Bp pecens Ne 
ratio pee - We know also that this activity 


2 
is influenced by the presence of other con- 


stituents. For instance, there is reason to 
assume that carbon and silicon increase the 
sulphur activity and manganese decreases 
it. However, the exact relationship here is 
scarcely known, and further investigations 
are needed. 

Concerning the molten slags, if anything 
should be assumed a priori it would be that 
they are composed of ionic rather than 
molecular parts. There are indications of. 
this in that solid silicates form ionic struc- 
tures, and molten slags show high electric 
conductivity and can be electrolyzed.? 

“It has been claimed by Taylor and 
Chipman’ that their activity investigations 
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in the system SiO2-CaO-FeO give no indi- 
cation of any ionic nature of the slag, be- 
cause the activities, when based on an ionic 
dissociation, do not follow Raoult’s law for 
perfect mixtures. Unfortunately this is not 
to be expected. Because of interionic reac- 
tions and polarization of the different ions, 
the deviations from perfect mixture must 
of necessity be large. 

On the basis of an ionic theory for molten 
slags, Lux‘ and, recently, Flood and For- 
land® have suggested the oxygen ion O?- 
as the carrier of the basicity of the slag, and 
the oxygen ion activity doz- or its negative 
logarithm pO as an opposite equivalent to 
pH in aqueous solution. As it is generally 
accepted that, high basicity and reducing 
conditions promote desulphurization, the 
writer suggests the following formula for 
sulphur distribution between molten metal 
and slag: 


Sietall at O* cise a4 S*Sslag UF O [3] 


This is the same equation presented by the 
writer in another connection.® The equilib- 
rium constant will be: 


dg * ao2- 


dg:- * do 


where do is proportional to 4/Po, in the 
system. This equilibrium constant is uni- 
versal, and is based only on the difference 
in electron affinity of sulphur and oxygen. 
Eq 3 indicates that good desulphurization 
is promoted by high oxygen-ion-activity, 
that is, high basicity, as well as low oxygen 
pressure—that is, reducing conditions. 

In steel slags, where the FeO concentra- 
tion is high, this will mean a high oxygen 
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pressure which opposes desulphurization. 
This effect, however, is partly canceled by 
the fact that FeO gives off oxygen ions and 
contributes to the basicity of the slag; and 
partly by the polarizing action the Fe?* ion 
is assumed to have on the sulphur ion—an 
effect which will decrease the activity of 
the sulphur ion. This can explain why 
Grant and Chipman find the net effect of 
FeO small in steel slag. 2 

Most other constituents in the slag and 
in the iron bath will have similar complex 
effects. This may be the explanation of the 
wide difference in the experimental results 
obtained by various investigators. In most 
experimental work it has not been possible 
to study the influence of a single factor 
alone, as a change in this usually influences 
one or more of the other factors. cB 

In order to judge if the mechanism which 
is suggested in Eq 3 is correct, it is neces- 
sary to carry out experiments where two 01 
the four activities given in the equation are 
kept absolutely constant. The writer hopes 
that, at an early date, he will be able tc 
present the results of work which he i 
carrying out along this line. 
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